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Chapter 1 Introduction
1.1 Principle, background, and processing method of ECM
1.1.1 Principle of ECM

Electrochemical machining (ECM) U-6] is a non-conventional machining method, which is
basing on the principle of electrolysis to remove metallic materials at the atomic level.

As the basic principle of ECM, electrolysis is a chemical etching process, during which,
electric currents pass electrolyte solutions of the working gas between the tool electrode and the
workpiece with a certain gap distance 1> ¢l. The tool electrode is connected with the negative
pole of the power supply to be used as the cathode of ECM, and the electrode is usually made of
copper, brass, or stainless steel. Used as the anode, the workpiece, which need to be processed
into the desired shape, is connected with the positive pole of the power supply. In ECM
processing, workpiece materials must be metallic bonded material, otherwise, electrolysis will
not occur. To ensure that there are electrolytes existing in the working gap, the workpiece and
the tool electrode are normally are immersed in the electrolyte, which is contained by the
electrolyte tank combining with a filtering system.

The electrolyte solution is another necessary component in ECM [ 3], because it plays the
role of carrying the machining current and removing ECM by-products at the working gap. The
electrolyte must be low corrosive, low toxic, high conductivity, and well electrochemical stable.
It can be aqueous solutions such as sodium (NaCl) or sodium nitrate (NaNO3). When
processing some special materials like tungsten materials 7], NaOH solution or KOH solution
will be used as the electrolyte.

When being diluted, the electrolyte will contain ions of salt and water. Sodium chloride is the
most common electrolyte used in ECM because it is useful for machining stainless steel with a
very shiny surface. And it does not produce the passive film on the stainless steel surface while

letting the workpiece be processed quickly 8. When the sodium chloride is put into water, it



will dissociate into sodium ions (Na*) and chloride ions (CI). At the same time, water (H20)
will be dissociated into hydrogen ions (H*) and hydroxyl ions (OH-).

When there is a potential difference provided by the power supply existing between the
workpiece and the electrode, these ions of the electrolyte solution move in the working gap.
During which, the cations of OH- move toward the workpiece surface, while the anions of H*
move toward the anode due to the action of the electric field. As shown in the schematic of the
electrochemical machining principle in Figure 1.1, since hydrogen ions have higher ionic
mobility than sodium ions, hydrogen ions will move to the surface of the electrode to produce
hydrogen gas of H>. Meanwhile combining with the hydroxyl ions in the electrolyte, sodium

ions will form sodium hydroxide.

NaCl—Na*+Cl- (1)
HO0— H*+ 0H- (2)

2H* +2e — Ht (3)

On the workpiece surface, metal ions from the workpiece will be released as Fe?', and then,
the Fe2* will combine with hydrogen ions to form Fe (OH) 2, which will be precipitated in the

form of sludge.

Fe— Fe?t+2e~ (4)

Fe?t+ 20H - —Fe (OH)2| (5)

Though there are electrochemical reactions occur inside of the electrolyte, the electrolyte

material of NaCl is not consumed at all, due to it is not involved in electrochemical reactions.



Hence, just adding the water into the electrolyte solution to maintain the electrolyte solubility,

the ECM can be carried out continuously.

Finally, the workpiece is processed to be the target shapes, such as holes, robs, and grooves.

+I|_
| |

Anode Cathode
workpiece Power supply electrode
Working gap
Electrolyte H:
T 2e
2H «—
2€
<—Fe —Fe* 20H"
S
Fe(OH):
Na* Gl Na* Cl

Electrolyte tank

Figure 1.1 Schematic of electrolysis in ECM processing.

1.1.2 Background of ECM

The principle of electrolysis was discovered and established by one of the greatest
researchers: Michael Faraday (1791-1867) P,

After that, as a kind of technological method, the ECM was originated firstly from the
electrolytic polishing processing by a Russian chemist: E. Shpitalsky in 1911. In 1929, a
Russian researcher: W. Gusseff developed and used the electrolytic process to machine metal
anodically [10],

At the beginning of the 20th century, researchers in Russia, Western Europe, and the USA



offered various ways and technological schemes of ECM application for dimensional processing
of parts, mainly on operations of contouring and internal push broaching of various forms [!11.
Much more researches about the ECM were carried out from the 1950s to 1970s in the aircraft
and aerospace industries, such as being used to process blades of the aero-engine in Figure 1.2.
In 1959, the Anocut Engineering Company of the USA introduced into production the
traditional ECM model of using the direct current at the production run equipment for the first
time. And ECM technologies were developed during this period, and lots of famous companies
like Philips, Mitsubishi, Hitachi, etc. focused on ECM technologies [!11,

Though the rising of electric discharge machining (EDM) in some periods slowed the
development of ECM, the processing of ECM is based on electrochemical corrosion to remove
materials at the atomic level, and there are no thermal and mechanical stresses remained on the
workpiece surface. Hence the ECM process is usually used in various fields, such as engine

turbine blade processing, steam turbine blade processing, biomedical tool processing, etc.

Figure 1.2 Schematic of aero-engine. [12]



1.1.3 Processing method of ECM

As shown in Figure 1.3, the tool electrode, which is pre-shaped before being used, the
workpiece, the electrolyte solution, and the power supply are necessary. During processing, the
tool electrode is positioned close to the workpiece surface extremely. The purpose is to increase
the amount of dissolution and decrease the Ohmic voltage drop between the workpiece and the
electrode as much as possible 13,

In addition, a high current density of about 30~200 A/cm?, low-voltage of about 10~25V are
used generally to corrode materials from the metallic workpiece [11l. At the same time as
processing, the electrolyte flows through the working gap between the electrode and the
workpiece to remove the ECM by-products, such as bubbles and the sludge mentioned before.
Without that, it is easy to cause the generation of discharge in the working gap, and the

temperature rise of the electrolyte because of the Joule heating 141,

\ Electrode
Wil ~ H Feed
= Orkilg direction
gap

Power | +
supply

Workpiece

(a) ECM electrical circuit and workpiece before processed.



Switch

N

—— Working Electrode
—— gap \
Power | +
supply
Workpiece

(b) ECM electrical circuit and workpiece after processed.

Figure 1.3 Schematic of electrochemical machining method.

When machining currents are flowing inside of the working gap, the workpiece is dissolved
by the electrolysis during ECM. And the shape of the processed area of the workpiece is a

negative mirror image of the electrode shape approximately.



1.2 ECM system

As shown in Figure 1.4, several necessary devices [, including the power supply, the
workpiece, electrolytes, the electrolyte supplying and cleaning devices, the electrode, and the
process controlling and monitoring devices in ECM and the schematic of ECM equipment were

presented.

Power supply
—] +
Tool
electrode

Pump

Fresh electrolyte ECM tank Waste electrolyte container
container and filter system

Figure 1.4 Schematic of ECM system.

1.2.1 Power supply

Used to supply the electric power to the whole ECM processing system, a direct current (DC)
or an alternating current (AC) power supply is one of the basic devices for ECM processing.
During ECM, a high value of direct current (may be as high as 40000 A) and a low value of
electric potential (in the range of 5-25 V) across the working gap are desirable. The highest

current density achieved so far is around 20,000 A/cm? [11],



1.2.2 Tool electrode

Usually pre-shaped before processing, the tool electrode is made of copper, brass, and
graphite et al, because these materials are easy to be processed, well conductive, and
preservative. Theoretically, the electrode does not participate in electrochemical reactions, it can
be used continuously. However, because the electrode and its fixtures need to work in the
corrosive environment of electrolytes, the anti-corrosion of the electrode is important.

Besides that, it is difficult to process the shaped electrode in advance, because there are strict
requirements for the electrode to provide a suitable cathode dimension and a suitable electrolyte
path providing an effective electrolyte flushing in the working gap. Hence, a metal rod or a

metal nozzle, instead of a pre-shaped electrode is used as the electrode in ECM sometimes.

1.2.3 Electrolyte, electrolyte supply and filter system

The electrolyte is the primary component of the ECM method. Supplied by a pump from the
fresh electrolyte container to the working gap, the flowing electrolyte plays three significant
roles mainly in the ECM process, which include carrying the current between workpiece and
tool, removing the ECM by-products of reactions from the working gap 1¢], and cooling down
the processing area.

Electrolytes can be classified into four main categories depending upon their nature and
physical form. Respectively, they are neutral aqueous salts, aqueous acids, aqueous alkalis, and
nonaqueous electrolytes.

One of the most common electrolytes in the ECM process is sodium chloride (NaCl). It is
suitable for machining stainless steel, because there is no passivation layer, which is produced
usually on the stainless steel surface when using the sodium nitrate electrolyte, and the ECM
process can be carried out conveniently.

Another electrolyte named sodium nitrate is normally used for machining the steel in case a



very close replication of the tool is required. Sodium nitrate prevents stray corrosion, which
helps obtain a high precise replica of the tool electrode [17-18], The extent of current density also
impacts the ECM process. For instance, in the case of sodium nitrate electrolyte, high current
density leads to anodic dissolution, whereas the low current density increases the passivation on

the workpiece surface [16],

1.2.4 Workpiece

As reported in the principle of ECM, electric currents start from the anodic workpiece and
pass through the electrolyte to arrive on the workpiece surface. During ECM, the workpiece
made of non-metallic materials cannot be corroded by the electrolysis.

It is thought that almost all of the metallic materials, no matter how hard they are, can be
processed by ECM, because the material of the workpiece is removed by electrochemical
reaction at the level of atoms. While, when processing with the conventional machining of
cutting or drilling, and the EDM, the laser machining, etc., because they remove materials by
chipping or melting, after processing, there are residual stress and micro-cracks in the processed

area. These defects do not appear on the processed workpiece surface after ECM.



1.3 Advantages and disadvantages of ECM
1.3.1 Advantages of ECM

For the merits of the ECM method, as mentioned in section 1.1, since the workpiece materials
are corroded by the electrolysis at the level of atoms, the ECM is non-contact and unstressed
cutting between the workpiece and the electrode. The hardness of the workpiece is not a factor
in the ECM process, and the ECM method can be used to process difficult-to-machined
materials, which cannot be processed by conventional cutting techniques, such as grinding,
turning, or milling. Because when using techniques dependent on such physical properties as
shear strength, hardness, etc. to remove the unwanted materials of the workpiece, the tools have
to be made of a material that is harder than the workpiece. Also, there is no residual stress on the
workpiece surface after ECM processing.

Different from the other non-contact processing method, such as the electric discharge
machining (EDM) method, or the laser beam machining method, there is no heat-affected zone,
micro cracks, and burrs in the workpiece surface after ECM. When using processing methods,
like the EDM or the laser beam machining method, both of them melt and remove materials
with high thermal energy. After processing, not only heat-affected layers but also micro cracks
are present in the workpiece surface, as shown in Figure 1.5.

In addition, during EDM processing, the discharge occurs at a single discharge location with
an electric pulse, hence, the volume of the removal rate of EDM is small. However, during
ECM processing, material removal occurs over the whole workpiece surface. And the potential
difference between the workpiece and the electrode is being kept constant in processing, the
current density is almost the same too, and the tool feed speed, which is independent of the
processing area, is constant. Hence, when processing in a large area, the removal rate of ECM is

much higher than that of EDM.
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Figure 1.5 Micrograph of workpiece surface after EDM. [17]

Besides that, ECM has many other advantages such as no tool wear, smooth and bright
surface, and production of components of complex geometry et al. These merits make it sure

that the ECM method plays an important role in industrial production.

1.3.2 Disadvantages of ECM

However, there are some demerits existing in ECM processing. These demerits are listed as
followings:
(1) Non-metallic material cannot be processed by ECM.
(2) It is time-consuming since the ECM process always needs to be repeated multiple times to
obtain desired results.
(3) ECM is a high-cost process. Compared with other conventional cutting processes, special
equipment and training for operators are necessary before ECM. And the ECM process requires
large amounts of electricity which increases the cost much more.

(4) As a core part of ECM, the electrolyte is necessary, sometimes, the acidic electrolyte like

11



HNO3 or alkaline solution, such as NaOH and KaOH are needed to be used. However, those
electrolytes are harmful to operators and the environment. Besides that, as mentioned before,
after ECM, by-products are precipitated in the form of sludge, which is also harmful due to lots
of heavy metal elements inside of the sludge.

(5) To ensure that electrochemical reactions occur smoothly, there should be electrolytes
flowing in the working gap between the workpiece and the electrode, as shown in Figure 1.4.
Hence, usually the workpiece and the electrode have to be immersed in the electrolyte solution.
Because of the fluidity of liquids, it is difficult to limit the distribution of the electrolyte. The
difficulty in controlling the electrolyte distribution leads to an intractable problem, which is

called stray-current corrosion [18:19] in ECM processing.

Figure 1.6 Stray-corrosion around processed groove and its micrograph. [18]
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—— Machining current

— Stray current

Stray-current zone _|_

Workpiece

Figure 1.7 Schematic of stray-corrosion and distribution of currents lines in ECM.

Stray-current corrosion occurs in stray-current zones, where the workpiece is not intended to
be processed. A groove processed by the Jet-ECM method and its stray-corrosion micrograph is
shown in Figure 1.6. The stray-current corrosion and the distribution of current lines are shown
in Figure 1.7. Stray-current corrosion leads to material removal in the part of the workpiece far
from the tool electrode and decreases the processing accuracy of ECM. Hence, how to limit the
distribution of the electrolyte is an effective way to restrict the electrolytic current distribution,

which is helpful and necessary for ECM.

1.3.3 Solutions about reduce stray-corrosion

To solve the shortcoming of the stray-corrosion in ECM, many studies on controlling the
machining area have been conducted. For example, lots of researches were carried out by
supplying electrolytic currents through an electrolyte jet ejected from a nozzle in ECM, which is
called the Jet-ECM method. The schematic of the Jet-ECM is shown in Figure 1.8. As reported

by Kunieda and Natsu [20-22], the current density peak value at the center of the jet and decreases

13



rapidly, as shown in Figure 1.9. Therefore, only the workpiece material exposed to the
electrolyte jet is corroded by electrochemical reactions because the current is restricted at the

area limited by the electrolyte jet.

Electrolyte

Nozzle (-)

Electrolyte

Workpiece (+)
Figure 1.8 Schematic of Jet-ECM. [21]
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(a) Electric potential distribution (b) Current density distribution

Figure 1.9 Electric potential distribution and current density distribution of Jet-ECM. [22]

Hackert et al. (23] used Jet-ECM with the assistance of air to protect an area from unintentional

14



machining as shown in Figure 1.10. In processing, Hacker et al. used a jet electrolyte spray on
the workpiece surface, at the same time an additional jet of compressed air was used to remove
the electrolyte film enclosing the nozzle caused by the surface tension of the liquid and reduce
the working gap as much as possible. Finally, the stray-corrosion of the processing area was

reduced obviously, and sharper edges were produced in grooved channels.

Electrolyte spray
| |
I ]
! I 1

s 1M s
assistance| | | |assistance

| |
i |
| |
I I ]
| il |
L V)

Processing area

Figure 1.10 Schematic of Jet-ECM with the assistance of air.

Wang et al. 4] used Jet-ECM in groove processing and determined variations in the jet shape
and their effect on the groove edge. In addition, they significantly reduced stray-current
corrosion on the edge of the groove by adjusting the jet shape. A photo of the influence of the jet
shape on the edge condition is shown in Figure 1.11.

Nonetheless, in Jet-ECM, it is inevitable for the electrolyte to splash onto the non-processing
area of the workpiece and onto the machine tool, which will eventually lead to rust corrosion,
which means that outside of the processing area of the workpiece is rusted by stray-corrosion

due to contact with electrolytes. Hence, limiting the distribution of electrolytes within the

15



processing area is an effective strategy for eliminating stray-current corrosion and rust-corrosion

in ECM.

Processing photos Processed grooves Edges of grooves and
stray-corrosion

Figure 1.11 Influence of the jet shape on the edge condition: (a) all-scattered; (b) part-scattered,

(c) all-reflected; (d) chaotic-reflection. [24]

To achieve this objective, an ECM method based on the use of an electrolyte suction tool [2%

261 as shown in Figure 1.12, has been proposed. During processing with this method, the

16



flowing electrolyte is sucked into the region between the tool tip and workpiece to limit the
electrolyte distribution. However, the suction tool is too precise and complex to achieve
miniaturization, and the manufacturing cost is expensive.

In addition, whether it is processing with the electrolyte jet or an electrolyte suction tool,
ECM is performed by pumping the electrolytes onto the processing area of the workpiece, and
by-products from the inter-electrode area are removed before supplying the processing area with
fresh electrolytes. However, if the electrolyte leakage occurs during ECM, corrosion will appear
in the unintended machining area, which may lead to the failure of the entire process. Hence,

although it is difficult, restricting the electrolyte only flow over the processing area is necessary.

‘& Suction

Tool Electrolyte
electrode —

Wy

7z
LX
Y

Figure 1.12 Schematic of processing with suction tool in ECM. [23]

Another well-known method used to control the machining area during ECM is
Through-mask micro electrochemical machining (TMMECM) [2730 In this process, a
through-mask with target patterns on its surface is directly attached to the anodic surface to

selectively dissolve metallic materials in the unmasked areas. However, the dissolution of a
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workpiece through a patterned through-mask always leads to undercutting, which is shown in
Figure 1.13. At the same time, ECM by-products are blocked at the corner area and are difficult
to be taken away. These occasions enlarge the target pattern shape and decrease the machining
accuracy. As shown in Figure 1.14, Zhai et al. (28] tried to use the megasonic in TMMECM to
improve the removal rate of ECM by-products.

Another drawback of TMECM is the need to mask each workpiece to be textured, which

increases the cost and time of the process method B,

L=

Pressured electrolyte

By-product

Figure 1.13 Schematic of through-mask micro electrochemical machining. [27]
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Figure 1.14 Schematic of TMMECM with megasonic assistance. [28]

Besides that, Natsu et al. 32 proposed the use of a type of non-metallic absorption material,
known as woolen felt, in ECM to limit the electrolyte distribution and prevent electrolyte
scattering. Schematics of this method are shown in Figure 1.15 and Figure 1.16. During
processing, the electrolyte is absorbed by the absorption material, and does not flow over the
workpiece surface. The absorption material is inserted in the working gap between the tool
electrode and workpiece to let the electrolyte is limited to the area under the tool electrode.
However, the machining mechanism of ECM involving the use of an electrolyte absorption
material has not been verified. In addition, woolen felt is easily scorched by the heat generated

during the machining,
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1.4 Research purpose and significance

According to those shortcomings mentioned in chapter 1.2, in this research, the main purpose
is focused on controlling the electrolyte distribution and limiting the electrolyte exiting only in
the target area.

In daily life, it is normally known that when a piece of sponge that contains water is used to
wipe a table, only the areas rubbed by the sponge are wetted by water, whereas the other areas
of the table surface are not affected by water at all. If using a non-conductive porous solid in
ECM to act as materials for electrolyte absorption, similar to household sponges for water
absorption, it is easy to achieve the task of limiting the electrolyte to the desired processing area.
In this case, the flowing electrolyte used in ECM processing usually is replaced with an
electrolyte that is absorbed and confined in an absorption material. A schematic of ECM based
on the use of an electrolyte absorption material is shown in Figure 1.15.

During machining, the absorption material is inserted between the electrode and the
workpiece after absorbing the electrolyte. Due to the flowing electrolyte being replaced with the
electrolyte, which is absorbed and confined inside of the absorption material, the electrolyte
distribution and the limitation of the processing area of ECM come true. Because of the
properties of the electrolyte absorption material, the electrolyte in ECM can form a thin
electrolyte film on the processing area of the workpiece surface, there is no electrolyte existing
on the other areas of the workpiece, and there will not be corroded at all.

Suppose some material like a sponge block is used to cover the processing area. Due to the
electrolyte being consumed gradually, the by-products generated during ECM processing
accumulate in the processing area. In that case, ECM processing cannot be carried out for a long
time continuously. As shown in the schematic of continuous ECM in Figure 1.16, the felt is

mounted on the outer periphery of the metal disk. During processing, part of the felt contacts the
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workpiece surface, and part of it sinks in an ultrasonic vibration tank filled with electrolytes.
The disk is connected to the negative pole of the power supply, and the workpiece is connected
to the positive pole of the power supply. The dissolution of workpiece material and generation
of ECM by-products occur in the contact area of the felt and the workpiece. Due to the rotation
of the disk, by-products that adhere to the felt are cleaned by the electrolyte inside of the
ultrasonic vibration tank, and the fresh electrolyte is absorbed into the felt at the same time.

With this self-designed and fabricated setup, the continuous ECM is realized.

< Electrode ) ‘
Absorption material

Power with electrolyte

33ttt tsistetsteetes

Figure 1.15 Schematic of ECM with electrolyte absorbed inside electrolyte absorption material.

Workpiece Power
supply

ECM
by-products

Rotation
Wool felt

w. Ultrasonic
vibration tank

Figure 1.16 Schematic of experimental setup for continuous ECM. [31]

21



Hence, from the results before, we can conclude that in order to provide fresh electrolytes and
take away ECM by-products, a rolling electrolyte absorption material should be used during
processing.

The schematic and a photo of the ball-point pen nib are shown in Figurel.16. When writing
with a ball-point pen, as the part of the ball contacts with the paper, the ink adhering to the ball
surface is applied to the paper. At the same time, the other part of the ball re-attaches the ink
inside of the pen tube to its surface. Hence, during writing with a ball-point pen, the rolling ball
can apply the ink to the paper continuously. Inspired by that, we think that if some spherical
absorption material may be used in ECM and work as the ball-point pen, ECM processing can
be operated as writing with a ball-point pen.

Combining with the advantages of the sponge and the ball-point pen, in this research, a kind
of porous solid ball is used as the electrolyte absorption material in ECM to limit the

distribution of the electrolyte.

Ink inside of
ball-point pen

Ink adhering to
Metal ball ball surface
(a) Schematic of ball-point pen. (b) Photo of ball-point pen. 33

Figure 1.17 Schematic and photo of ball-point pen.
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1.5 Dissertation structure

This dissertation consists of six chapters.
Chapter 1

In chapter 1, we introduced the principle, background, processing method, and several key
devices of electrochemical machining first. Then advantages and disadvantages of the ECM
method were summarized. Among those disadvantages of ECM, we focused on introducing and
explaining the stray-current corrosion and take how to eliminate stray-current corrosion as the
research purpose of this study. Based on the research purpose, by referring to research results of
predecessors, and being inspired by daily life phenomena, including water-absorbing the sponge
and writing with a ball-point pen, we decide and plan to use spherical water-absorbing materials

as the electrolyte absorption material in ECM to limit the electrolyte distribution.

Chapter 2

In chapter 2, experimental equipment and experimental materials were introduced in this
research, which included a power supply, a waveform generator, the electrode, and the
workpiece. In addition, the measurement equipment for experimental results was mentioned.

Then, several attempt experiments were carried out beforehand to select the suitable
electrolyte absorption material for this study. During which, two kinds of porous solid materials,
including the diatomaceous earth chip and the Maifan stone ball (hereinafter abbreviated as
MFS-ball), were used. And by comparing the applicability and processed results, the MFS-ball
was selected to be used as the electrolyte absorption material in ECM. Then, the features of the
MFS-ball were introduced, and the absorption principle of capillary action of the MFS-ball and
the reason for electrolyte distribution controlling at the workpiece surface were summarized

respectively.
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Finally, with the experimental devices mentioned above, the processing method and
mechanism were listed in detail, and an attempted experiment was carried out. Based on the
experiment result, current paths during ECM processing were explored and measured with

actual experiments.

Chapter 3

In chapter 3, experimental materials and devices, processing principle and method, the
processed groove, the electrolyte distribution, and values of machining currents flowing through
each path were obtained. However, processing situations, such as the potential between the
workpiece and the electrode, the current density distribution at the processing area, and the
processed results during processing cannot be observed and measured. Besides that, the
explanations for the depth difference that occurs at the cross-section of the processed trace were
not obtained clearly until now. And it is thought that the machining current density and its

distribution are difficult to be measured or calculated from experiment results.

Hence, in this chapter, a finite element analysis software COMSOL Multiphysics was used to
try to calculate the machining current density and its distribution at the processing area by
simulating ECM processing. At the same time, the potential between the workpiece and the
electrode was obtained. Combining with the machining current density and its distribution, the
processed results in simulating and the profile of the processed trace, and the depth difference of
the processing area were confirmed and explained fully. In addition, by changing the
conductivity of the MFS-ball, which is difficult to be accomplished in actual experiments, the
relation between the MFS-ball and its surface electrolyte film and the roles the MFS-ball plays

in ECM processing were obtained by simulation.
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After that, experiments were carried out with this ECM method to verify the simulation
results. And by comparing with processing results of the point processing and the groove

processing of chapter 2, discussions and summaries were done.

Chapter 4

In chapter 4, during the ECM process, machining characteristics are usually influenced by
experimental parameters. To explore the influence results and the reasons, in this section, the
influences of the following main experimental parameters, including the pressure between the
workpiece and the MFS-ball, the electrolyte flow rate, the time of pre-scanning, the machining
constant current (CC) value, the machining time, and the moving speed of workpiece are
ascertained. After that, the influence of the MFS-ball’s size difference and its solution method

were explored.

Chapter 5

In this chapter, according to the research results before, since the electrode where there is a
V-shaped cross-section track is used in ECM processing, a strip-shaped groove is processed at
the workpiece surface after processing. And because of the electrolyte distribution limitation of

the porous MFS-ball, the stray-corrosion, and the rust corrosion are prevented effectively.

Explorations of expanding the application of this ECM method were listed as follows.

First of all, wide grooves with different cross-section profiles were processed by changing the
interval between two grooves when processing with the ECM method. Before that, to predict
the cross-section shape of processed grooves, we calculated the cross-section profile with the
software of Microsoft Excel.

Then, to be used in the metal marking of this stray-corrosion-free ECM method, a new tool,
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named the universal moving unit, was designed and manufactured. Combining with the
universal moving unit during the ECM process of this research, several dimple English
alphabets were etched on the workpiece surface.

Besides that, based on the research result before, we found that by using the ECM method of
this research, the processed grooves with shallow depths are suitable to be used as oil pockets
for sliding surfaces. Hence, with a relay module used as the switch of the power supply in

experiments, shallow grooves with different lengths and different depths were processed.

Chapter 6

In this chapter, we summarize shortcomings, future issues of the ECM method of this

research, and the main content of each chapter of this article.
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Chapter 2: Processing method, mechanism, and experimental
verification
2.1 Introduction

In this chapter, first of all, experimental equipment and experimental materials used, which
includes a power supply, a waveform generator, the electrode, the workpiece, and measurement
equipment used in this study were reported.

Then, to select the suitable electrolyte absorption material for this study, several attempting
experiments were carried out. During which, two kinds of porous solid materials, including the
diatomaceous earth chip and the Maifan stone ball (hereinafter abbreviated as MFS-ball), were
used. And by comparing the applicability and processed results, the MFS-ball was selected to be
used as the electrolyte absorption material in ECM. Then, the features of the MFS-ball were
introduced, the absorption principle of capillary action of the MFS-ball and the reason of
electrolyte distribution controlling at the workpiece surface were summarized respectively.

By using the experimental devices mentioned above, processing method and mechanism were
listed in detail, and an attempt experiment was carried out. Basing on the experiment result,

current paths during ECM processing were explored and measured with actual experiments.
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2.2 Experimental equipment

Experimental equipment of this research is shown in Figure 2.1. Several main devices of this

research are introduces as following:
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Figure 2.1 Experimental equipment.

2.2.1 Workpiece and electrolyte

In this research, the SAE 304 stainless steel, (hereinafter abbreviated as SUS304), was used
as the workpiece. Because, first of all, SUS304 is the most common stainless steel in industrial
applications, such as food handling, processing equipment, screws et al. Besides that, this study
mainly focuses on the ECM method with the MFS-ball used as the electrolyte absorption
material, the influence when processing with different materials of the workpiece was not
considered. Hence the SUS304 was selected and used.

For the electrolyte, as mentioned in chapter 1, the NaCl solution is the most commonly used
in ECM, especially when processing the stainless steel. And compared with processing with the

NaNO; solution, NaCl is understood to be a kind of more aggressive electrolyte, because the
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electrolyte conductivity of NaCl solution is greater than that of the NaNOs with the same
concentration. However, the greater electrolyte conductivity of NaCl solution leads to the
stray-corrosion occurring more seriously than the NaNO3 solution in ECM processing.

Hence, in order to verify the limitation of the stray-corrosion by using the ECM method
during which the MFS-ball is used as the electrolyte absorption material, the more aggressive

electrolyte of the NaCl solution was used.

2.2.2 Power supply
In this research, as shown in Figure 2.2, a power supply (BWS 120-2.5, TAKASAGO LTD.)

was used. The key parameters of the power supply are listed in Table 2.1.

Figure 2.2 Power supply.

Table 2.1 Key parameters of power supply.

Series of power supply BWS 120-2.5
Constant voltage mode
Output mode
Constant current mode
Maximum value of output voltage +120V
Maximum value of output current +2.5A
Frequency characteristic 0~120 kHz
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2.2.3 Waveform generator

As shown in Figure 2.3, a function generator (WF1973, NF Corp.) was used to input
waveform needed to the power supply, because some of the following experiments, the pulse
current will be used. With the function generator, pulse waveform, such as sinusoidal, square,
ramp, etc. can be generated and output to the power supply. The key parameters of the function

generator are shown in in Table 2.2.
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Figure 2.3 Function generator.

Table 2.2 Key parameters of function generator.

Sine, Square, Pulse, Ramp,
Waveform
Noise, Sin(x)/x etc.
Frequency range of arbitrary waveform 0.01 pHz ~ 5 MHz
Variable duty ratio (Standard range) 0.01 %~ 99.99 %
Time of rise / fall < 17 ns

2.2.4 CNC machine

During processing, the movement of the workpiece is controlled by using a CNC machine
(KitMill CL420, ORIGINALMIND INC.), as shown in Figure 2.4. The key specifications are

listed in Table 2.2.
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Figure 2.4 CNC machine.

Table 2.3 Key specifications of CNC machine.

Series KitMill CL420

X axis: 355.4 mm

Stoke along axis Y axis: 424.8 mm

Z axis: 80.4 mm

Maximum feed rate (X, Y axis) 35 mm/s
Maximum feed rate (Z axis) 16.7 mm/s
Maximum rated speed of spindle 5600 r/min
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2.3 Measurement equipment

2.3.1 3D measurement device

In order to measure the overall shape and depth of a processed result, a 3D measurement
device, consist of a laser displacement sensor (KL-1300B, Anritsu Corp.) with a
three-dimensional measuring instrument (KS-1100, KEYENCE Corp.), was used. The photo of

the 3D measurement device is shown in Figure 2.5.
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(a) Laser displacement sensor.

(b) High-precision shape measurement system.

Figure 2.5 Three-dimensional measuring devices.
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2.3.2 Cross-section measurement device

Besides the 3D measurement result, aiming at measuring the cross-section of the processed
area, a contour-measuring machine (CV-3100S4, Mitutoyo Corp.) was used. The photo of the

contour-measuring machine is shown in Figure 2.6.

Figure 2.6 Contour-measuring machine.
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2.4 Selection and trying of electrolyte absorption materials

It is generally known that many porous materials, such as sponges, have good abilities to
absorb and retain water in their structures. As mentioned in chapter 1, in everyday life, when a
piece of sponge that contains water is used to wipe a table, only the areas rubbed by the sponge
are wetted by water, whereas the other areas of the table are not influenced by water. If using
non-conductive porous solids as materials of electrolyte absorption in ECM, similar to
household sponges for water absorption, the limitation of the electrolyte distribution can be
realized easily. Hence, the flowing electrolyte is replaced with an electrolyte that is absorbed

and confined in the absorption material.

2.4.1 Attempting with diatomaceous earth

Diatomaceous earth is a kind of effective water-absorbing material, and lots of absorbent
products sold commercially are mainly made of the diatomaceous earth, for example, the
dehumidifying stick and the bathroom mat as shown in Figure 2.7. It is because there are a lot of
tiny holes inside of the diatomaceous earth, the micrograph of the inside of the diatomaceous
earth is shown in Figure 2.8. Due to the capillary action, liquids can be absorbed by those tiny
holes.

As an attempt, we bought some dehumidifying sticks made of the diatomaceous earth mainly
and cut a piece to put into the electrolyte to absorb the electrolyte, as shown in Figure 2.3. The
experiment conditions are shown in Table 2.4. The whole processing lasted about 30 s. After
that, due to the electrolyte absorbed by the diatomaceous earth chip being used up, the ECM
process was stopped.

As shown in Figure 2.9 after absorbing electrolytes, a diatomaceous earth chip is put on the
workpiece surface, and on the other facet of the chip, it is connected with the electrode. When

applied with a voltage between the workpiece and the electrode, electrochemical reactions occur
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in the processing area. The processed result is shown in Figure 2.11(a). By using a
three-dimensional measuring instrument, the 3D measurement result was obtained and is shown
in Figure 2.11(b).

From Figure 2.11(b), it can be found that a shallow groove with a depth of about 10 um was
processed by the electrolysis, and the shape and size of the processed groove are the same as
that of the diatomaceous earth chip. It is considered that the electrolyte was limited in the
processed area by the diatomaceous earth, hence electrochemical reactions only occurred below

the diatomaceous earth chip, and the other areas of the workpiece surface were not etched.

(a) Dehumidifying stick. (b) Bath mat.

Figure 2.7 Products made of diatomaceous earth.

Figure 2.8 Scanning electron micrograph of diatomaceous earth. B34
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However, during the experiment, it is found that, due to the poor water resistance, lots of
powdered diatomite dispersed in the electrolyte after soaking in the electrolyte solution, and the
chip became fragile. Hence, it is thought that the diatomaceous earth is not suitable for being
used as the electrolyte absorption material in ECM. Materials with better water resistance and

greater hardness than the diatomaceous earth should be used.

S5mm

Figure 2.9 Diatomaceous earth chip before absorbing electrolyte.

Table 2.4 Experimental conditions.

Item Specification

Absorption material diatomaceous earth
Size of diatomaceous earth chip 10 x 8 x2 mm

Workpiece material SUS304 plate

Electrode material SUS304 plate

Electrolyte 10 wt.% NaCl solution
Constant current value 100 mA
Processing time 30s
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Figure 2.10 Schematic of ECM processing with a diatomaceous earth chip.
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(a) Processed groove. (b) 3D measurement result of processed groove.

Figure 2.11 Processed groove and 3D measurement result by using diatomaceous earth chip.

2.4.2 Attempting with MFS-ball

After attempting with the diatomaceous earth, we tried to process by using another solid
porous material, known as the Maifan Stone ball (hereinafter abbreviated as MFS-ball), as an
electrolyte absorption material. The photo of the MFS-ball is shown in Figure 2.12. With the
greater hardness and water resistance than the diatomaceous earth, though the MFS-ball is
immersed in the electrolyte for a long time, its strength does not change totally. Hence, an
attempting experiment was carried out by using the MFS-ball as the electrolyte material of this

research.

The schematic of the attempting experiment is shown in Figure 2.13. During processing, the
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MFS-ball was sandwiched between the workpiece and the electrode. The electrode was fixed,
and the workpiece could move along the reciprocating moving direction of Figure 2.13. At the
same time, driven by the friction of the workpiece, the MFS-ball rolled along the moving
direction of the workpiece. To continuously provide fresh electrolytes and take away the ECM
by-products adhering to the MFS-ball surface, an electrolyte nozzle was fixed on the other side

of the electrode.

MFS-balls

10mm

MFS-balls diameter: 10 + 0.5 mm

Figure 2.12 Photo of MFS-balls.

The experimental parameters used in this experiment are shown in Table 2.5. Due to the
amount of the electrolyte absorbed inside of the MFS-ball is less than that of the diatomaceous
earth, if a greater constant current is used, the ECM processed will be stopped soon. Hence, in
this experiment, the constant current of 30 mA was used. At the same time, because there are
fresh electrolytes providing incessantly, the ECM process can be carried out continuously.

The processed groove of the attempting experiment and movement traces of the MFS-ball are
shown in Figure 2.14. Along the measuring line, the cross-section of the processed groove was
obtained by using a contour-measuring machine, the measurement result is shown in Figure
2.14(c).

From the processed result and its measurement result of the cross-section, it can be found that
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the workpiece surface was corroded to groove shallowly by electrochemical reactions. And due
to the distribution of the electrolyte being limited, electrochemical reactions occur at the
electrolyte distribution, and the stray-corrosion can be avoided obviously.

Hence, it is verified that the MFS-ball can be used as the electrolyte absorption material in
ECM.

As shown in Figure 2.14(b), three pieces of the movement traces were marked by the red line,
the orange line, and the black line. Though driven by the moving workpiece, the MFS-ball
moves between A and B, in the direction perpendicular to the moving direction of the workpiece,
due to there being no restriction, the movement traces shift, which leads to the three pieces of
the movement traces are not overlapped well. Hence, to overcome this shortcoming, it is
necessary to restrict the movement in the direction perpendicular to the moving direction of the
workpiece.

Table 2.5 Common experimental conditions.

Item Specification
Absorption material MFS-ball
MFS-ball diameter 10 mm
Workpiece material SUS304 plate
Electrode material SUS304 plate
Electrolyte 10 wt.% NaCl solution
Length of reciprocating movement 50 mm
Constant current value 30 mA
Moving speed of workpiece 10 mm/s
Reciprocating processing time 150 s
Number of reciprocating processing 12
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In brief, in this research, a solid porous ball referred to as an MFS-ball, can be used as the

electrolyte absorption material during ECM.

Reciprocating moving direction

Power «—>
S“pfii’ [ Workpiece
Rolling
. N MES-ball
Electrode
Electrolyte Flowing
nozzle electrolyte

Figure 2.13 Schematic of ECM with MFS-ball.

Length of reciprocating
movement : 50 mm

I

i ‘Width : 8 mm

(a) Processed groove and its size.

Reciprocating moving direction
1s*Movement

trace

2nd Movement
trace

31d Movement
trace

(b) Movement traces of MFS-ball.
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(c) Measurement result of processed groove’s cross-section.

Figure 2.14 Processed groove, movement traces and measurement result of cross-section.
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2.5 Introduction of MFS-ball

The MFS-ball is a common filter material typically used in water purifiers and filter showers.
It is made of clay and Maifan Stone mainly, and all of these materials were heated to 800 °C,
and the temperature in the burner was maintained for approximately 9-10 h to create the
MFS-balls [33], The Maifan Stone, which is the main material of the MFS-ball, is a kind of
natural ore; its main components are SiO2, ALOsz, CaO, MgO, etc., and it contains a variety of
trace elements. Maifan Stone has the advantages of good adsorption performance, pH regulation,
and bioactive dissolution [3¢1,

An internal micrograph, taken by a digital microscope (VHX-8000, KEYENCE Corp.), of the
MFS-ball is shown in Figure 2.15. It can be found from the internal micrograph that there are
lots of micro holes inside of the MFS-ball, for easy observation, micro holes of porous
structures are marked in blue. The average diameter of those tiny holes is approximately 16.6
um, and the area covered by tiny holes occupies approximately 2.7 % of the total micrograph

area.

Figure 2.15 Micrograph of inside porous structures of MFS-ball.
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MFS-balls used in this study were bought commercially as there were no strict requirements
on their sizes and tolerances. The diameters of the commercial MFS-balls were specified as 10 +
0.5 mm on the label. To verify the average diameter of the MFS-balls, we randomly selected
five MFS-balls and measured the diameters at five different parts on each MFS-ball. The
measured diameters were consistent with the values specified on the commercial label and are
given in Table 2.6. Therefore, in this study, 10 mm was chosen as the average diameter of the

MFS-balls.

Table 2.6 Diameter and tolerance of MFS-balls.

Measured part (mm)

Part1 | Part2 | Part3 | Part4 | Part5 | Average | Tolerance

MFS-ball

+0.12
Bl 9.35 9.57 | 9.48 | 9.51 9.63 9.51

-0.16

+0.11
B2 9.87 992 | 9.69 | 9.71 9.93 9.82

-0.13

+0.07
B3 10.09 | 10.14 | 10.01 | 10.18 | 10.11 10.11

-0.10

Furthermore, the tiny holes inside the MFS-ball were randomly distributed and separated
from each other. In dry conditions, these porous structures contain a large amount of air.
Therefore, to fill the inner cavity with electrolytes, it is necessary to first extrude the air from
the MFS-ball. Hence, before the ECM experiments, the MFS-balls were placed in an electrolyte

container with an ultrasonic cleaning function. The electrolyte absorption process is shown in
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Figure 2.16. Figure 2.16 shows the relationship curve between the weights of ten MF S-balls that
have absorbed the electrolyte and the electrolyte absorption time. The result shows that the
change in weight of the ten MFS-balls after electrolyte absorption was 1.63 g, which indicates
that each MFS-ball can absorb 0.163 g of the electrolyte.

The excellent water absorption ability of the MFS-ball was one of the main reasons that its
use as an electrolyte absorption material was explored in this research. Another is MFS-ball’s
high hardness 3%], which signifies that it will not be easily broken under pressures from the
workpiece and tool electrode. Additionally, the MFS-ball has excellent durability, which ensures
that stable experiments can be performed.

Besides that, the MFS-ball exhibits good solvent resistance. Even when it is soaked in water
or an electrolyte solution, it will not disperse or dissolve. Hence, this electrolyte absorption

material will not affect the electrolyte solution or hinder the ECM process.
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Figure 2.16 Combined weight of absorbed electrolyte and MFS-balls.
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2.6 Electrolyte absorption principle of MFS-ball

For sponges and other porous solids, water absorption is caused by a liquid physical property
known as capillary action B7l. Capillary action is very common in our daily life, for example,
when part of a paper towel is dipped in water or other liquids, water or other liquids will spread
to the other areas of the paper towel, appearing to ignore gravity.

Capillary action, which is called capillary filling or wicking, is the process of liquid flow or
rise in narrow spaces without the assistance of external forces, such as gravity. It is like a force
that can cause the liquid to be sucked into narrow tubes or tiny holes in some materials. The
most common example of the capillary action is that when a piece of the thin glass tube is
dipped into water, driven by the capillary force of capillary action, the liquid level of the water
surface inside of the glass tube rises to a height which is higher than the level outside the tube.
The schematic of capillary action is shown in Figure 2.17. And the liquid-level difference can be

calculated using Jurin’s law, expressed herein as equation (1) 371,

20 cos6
h= 2-1
py (2-1)

where £ is the liquid level difference, o is the liquid—air surface tension, p is the density of the
liquid, @ is the contact angle, g is the acceleration due to gravity, and r is the radius of the
narrow tube.

Capillary action 8411 is first recorded observation by Leonardo da Vinci during the 15th
century. Although experimental studies continued during the 18% century, successful
quantitative treatment of capillary action was not attained until 1805 by two investigators:
Thomas Young and Pierre-Simon Laplace 2431, They derived the Young-Laplace equation of

capillary action. Albert Einstein's first paper, which was submitted to Annalen der Physik in
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Figure 2.18 Schematic of capillary action.

1900, was on capillarity [4443],

Capillary action does not only exist in water, but also in oils and any other liquid. Though it
seems simple and commonplace, capillary action has a major role in lots of natural, industries,
and human lives. For example, because of capillary action, water can transport from the roots of
trees to treetops and move into aquifers of the earth. In our daily life, the use of an absorbent
kitchen sponge to clean liquid spills is based on the principle of capillary action.

In this research, capillary action works in MFS-balls to absorb electrolytes and limit the
electrolyte distribution in ECM processing,

When a dry MFS-ball is immersed in an electrolyte solution, electrolyte absorption occurs
similar to liquid rising inside a narrow tube. A schematic of the electrolyte absorption into the
MFS-ball is shown in Figure 2.15. Because of capillary action, the electrolyte is absorbed and
retained in the tiny holes of the MFS-ball. At the same time, also driven by capillary action,
small amounts of electrolyte accumulate around the entrances of the tiny holes. Both the
electrolyte absorbed by the MFS-ball and that accumulated around the entrances of its holes
form an electrolyte film on the surface of the MFS-ball.

When the MFS-ball contacts the workpiece, the electrolyte is spread onto the surface of the
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workpiece, covering a small area around the contact area, because of the surface tension of the
liquid, as shown in Figure 2.19. In ECM, because the current flows from the anodic workpiece
to the cathodic electrode through the electrolyte, electrochemical reactions occur in the area
contacted by the electrolyte. As the MFS-ball rolls over the workpiece surface, the electrolyte

absorbed by the MFS-ball is continuously delivered to the machining area.

Workpiece
Machining area

Enlarged view

£y i

Seqg Vie
" Electrolyte film

Power
supply

Electrode

Porous structure and
capillary action

Figure 2.19 Schematic of electrolyte absorption.
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2.7 Processing mechanism and Experimental method

2.7.1 Electrode with a V-shaped cross-section track

According to the experience in section 2.4, to restrict the movement of the MFS-ball in the
direction perpendicular to the moving direction of the workpiece, an electrode with a V-shaped
cross-section trace on its surface was used, as shown in Figure 2.20. From that, it can be
observed that there is a V-shaped cross-section paralleling the reciprocating moving direction of
the workpiece on the electrode surface. During processing, because of this V-shaped
cross-sectional track, the movement of the MFS-ball on the Y-axis can be restricted. At the same
time, the movement in the Z-axis was limited by the workpiece and the electrode. Finally, the
ball could only roll in the X-axis direction.

In addition, in order to make sure that the starting point of the movement of the MFS-ball can
be determined and remained in the same area, as shown in Figure 2.20, a short tube is fixed on
the left end of the V-shaped cross-section track. Before processing, the MFS-ball is placed next
to the short tube. After that, to provide fresh electrolytes to the MFS-ball constantly, an
electrolyte nozzle is inserted into the short tube, and then the electrolyte flows along the

V-shaped cross-section track.

Staring point
of movir

Figure 2.20 Electrode with V-shaped cross-section track.
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2.7.2 Processing method

The photo of the electrode and the schematic of the proposed ECM method are shown in
Figures 2.21(a) and Figure 2.21(b). After absorbing the electrolyte, the MFS-ball is inserted
between the electrode and the workpiece. The electrode, which has the flowing electrolyte on its
surface, is placed beneath the workpiece and the MFS-ball. In contrast to the conventional ECM,
the workpiece is placed above the electrode and MFS-ball, instead of being immersed in an
electrolyte tank.

During the entire ECM process, the distance between the electrode and workpiece is
maintained constant, and the workpiece driven by the CNC machine scans linearly and
reciprocates along the X-axis direction. At the same time, the MFS-ball rolls along the scanning
direction of the workpiece because of the friction between them. In addition, in the areas where
the MFS-ball contacts the flowing electrolyte on the electrode surface, the ECM by-products
that adhere to the MFS-ball are cleaned off by the flowing electrolyte, and the MFS-ball

re-absorbs fresh electrolyte and delivers it to the machining area.

Rolling

Flowing direction
of electrolyte

Electrolyte nozzle

7
Electrode

(a) Process photographic view parallel to moving direction.
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(b) Schematic cross-sectional view of the ECM process perpendicular to the moving direction.

Figure 2.21 Photo and schematic of ECM process.

2.7.3 Experimental procedure

The experimental procedure is as follows:

(1) Workpiece positioning and contact detection test:

During the power-off period, the workpiece was moved toward the MFS-ball in the Z-axis
direction, which was placed on the V-shaped track of the electrode. Because the workpiece and
electrode were connected separately to the probes of a digital multimeter (CUSTOM DM-01,
CUSTOM Corp.), closing the circuit via contact between the workpiece and MFS-ball caused
the multi-tester to beep. To ensure that the workpiece was in contact fully with the MFS-ball
along the entire movement track, the workpiece was moved 0.1 mm further after the contact,
defined as the extra movement distance. At the same time, the maximum pressure between the
MFS-ball and workpiece was measured to be approximately 15 N.

As obtained in section 2.5, the MFS-ball is not of an ideal spherical shape, and the diameter

of the MFS-ball as measured from its different parts was not exactly the same. If the extra
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movement distance were to be less than 0.1 mm, the MFS-ball would be unable to contact the
workpiece. It would signify that the MFS-ball would not be rolling upon the workpiece during
that duration of the ECM process, stopping the electrolyte circulation in that machining area. On
the other hand, if the extra movement distance were to be greater than 0.1 mm, the maximum
pressure between the MFS-ball and workpiece would be higher than 15 N. Because of the
excessive pressure, the MFS-ball would be easily broken, which would result in the failure of

the ECM process.

(2) Pre-scanning;

Two electrolyte pumps (GPU-1, AS ONE Corp.) were switched on, one of them is used to
pump the electrolyte into the V-shaped track on the surface of the electrode, and another is used
to pump waste electrolytes from the electrolyte tank to filter devices. Subsequently, the
workpiece reciprocated along the X-axis direction under the drive of the CNC machine. At the
same time, the MFS-ball rolled along the V-shaped track with the reciprocating movement of
the workpiece. This step in the experiment, without the participation of the power supply, is
referred to as pre-scanning. The purpose of the pre-scanning is to form an electrolyte film on the
MFS-ball surface and accumulate electrolytes at the processing area. Otherwise, the whole ECM
cannot be performed stably. The influence of the processed result and the necessity of the

pre-scanning will be reported in chapter 4.

(3) ECM processing:
After the pre-scanning period, the power supply was switched on, and the workpiece and the
MFS-ball were moved repetitively. With the machining current flowing in the circuit,

electrochemical reactions occurred on the workpiece surface where the electrolyte was present.
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(4) Ending:

After the ECM, the power supply and electrolyte pump were turned off, and the workpiece
was moved in the positive Z-axis direction, then the CNC machine was switched off.

This study applied common experimental conditions, given in Table 2.7, to verify the

feasibility of this experimental method.

Table 2.7 Common experimental conditions.

Item Specification
Absorption material MFS-ball
MFS-ball diameter 10 mm
Workpiece material SUS304 plate
Electrode material SUS304 plate
Electrolyte 10 wt.% NaCl solution
Number of reciprocating pre-scanning 8
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2.8 Experimental result

By using the experimental equipment and the processing method, and experimental
procedures reported before, the ECM processing was started, and the experimental parameters

shown in Table 2.8 and Table 2.9 were used.

Table 2.8 Experimental parameters.

Parameter Value
Movement distance of workpiece 50 mm
Movement speed of workpiece 8 mm/s
Constant current 40 mA
Pre-scanning time 100 s
Machining time 400 s
Number of machining reciprocating cycles 32

2.8.1 Mechanical grinding effect of MFS-ball

As reported in section 2.5, the MFS-ball is a kind of hard porous solid, hence the mechanical
grinding process could grind some of the workpiece material when the MFS-ball is moved over
the workpiece. To examine the effect of mechanical grinding caused by the MFS-ball, an
experiment was conducted before the ECM process without a power supply, the other
machining conditions remained unchanged.

After this experiment, the processing area was measured by using the contour-measuring
machine, and the results are shown in Figure 2.23(b) using a yellow line. By comparing with the
measurement result of the green line, it can be found that there is no difference between them.
The results indicate that no shallow groove was produced without a power supply, which
verified that the grinding of the MFS-ball would not affect the ECM process.
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2.8.2 Experimental result and measurement result

At the end of the ECM, a photograph was captured parallel to the scanning direction, as
shown in Figure 2.22(a). The diameter of the MFS-ball was approximately 10 mm, whereas the
width of the electrolyte distribution area was measured to be 5.6 mm approximately.

A photo of the processed trace is shown in Figure 2.22(b). At any moment in the procedure, a
circular area, where the electrolyte was present, was etched by electrochemical reactions. The
entire processed groove can be regarded as an overlap of countless circular machining areas.
Because the circular areas were equal to each other, the current density and machining rate were
maintained nearly constant under a constant current mode.

In addition, as shown in Figure 2.22(b), the length of the processed groove, measured
between the centers of the two end circles, was approximately 50 mm, which was equal to the
distance moved by the workpiece. Therefore, it verifies that during the ECM process, the
MFS-ball spins along the moving direction of the workpiece instead of slipping.

The three-dimensional machined shape in the red frame of Figure 2.22(b) was measured
using the 3D measurement device. The measurement results are shown in Figure 2.22(a). In
addition, the cross-sectional shape of the processed groove was measured along the measuring
line using the contour-measuring machine, as shown in Figure 2.22(b). To facilitate comparison,
a cross-section of the same area was measured before machining.

To evaluate the processed groove from the cross-sectional measurement results, the groove
width and the depth, which is defined as the distance between the deepest point of the groove
and the raw surface of the workpiece, are shown in Figure 2.22(b).

According to Figure 2.22, the width of the cross-section of the processed groove was
approximately 5.6 mm, the depth was approximately 17 um, and there was no electrochemical

corrosion on the workpiece surface other than on the processed groove. In addition, the width of
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the cross-section of the processed groove was equal to the width of the electrolyte covering area.
This result proves that the MFS-ball can limit the electrolyte distribution and the scope of the

electrochemical reactions.

(a) Process photographic view parallel to scanning direction.

| Movement distance: 50mm |

Measurement line

__IMHMEI{QH

Machined trace Measurement area Circular area

(b) Machined trace on workpiece surface.

Figure 2.22 Process photograph and machined trace.

634 10 mm

(a) Three-dimensional values in the measurement area.
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(b) Cross section of the machined trace.

Figure 2.23 Measurement results for the machined trace.
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2.9 Discussion about processed result

From the aforementioned machined results, it was determined that the depth of the edge arca
of the processed groove is greater than that of the processed groove's center area. It is thought
that the depth difference is caused by the distribution of the electrolyte and the machining
current. At the edge area of the processed groove, the amount of electrolytes is more than that at
the center area. At the same time, the value of the machining current flowing through the
electrolyte film is greater than the machining current flowing through the inside electrolyte of
the MFS-ball.

To verify the two hypotheses above, the following research was carried out.

2.9.1 Discussion about electrolyte distribution

In ECM, because of the restrictions induced by the MFS-ball, the electrolyte and machining
current can exist only in the machining area, as shown in Figure 2.24(a). Based on this
observation, combined with the measurement results shown in Figure 2.24(b), the machining
area can be divided into two parts: Zone A and Zone B. The center area where around the
contact point of the MFS-ball and workpiece, is defined as Zone B and the other area of the
processing area is defined as Zone A.

For Zone B, the electrolyte required for ECM is mainly from the electrolyte absorbed inside
the MFS-ball. Here, less of the machining current, which also flows through the inside of the
MEFS-ball, is accumulated. After the processing, some of the ECM by-products, which are
distributed in the electrolyte solution, remain in the machining area, as shown in Figure 2.25(a).
The others are adsorbed onto the surface or absorbed inside the MFS-ball because of capillary
action. Therefore, the specific penetration of ECM by-products into the MFS-ball needs to be
investigated in follow-up experiments.

For Zone A, the electrolyte film can directly provide electrolytes for electrochemical
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reactions, and thus, much more of the machining current is accumulated here. Because there are
more electrolytes and machining currents in Zone A than in Zone B, the speed of the ECM

process is increased. Moreover, the depth of Zone A is greater than that of Zone B.

Workpiece Processing area

By-products

(a) Partition of the machining area.
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Width
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(b) Cross section of the processed groove.

Figure 2.24 Partition of machining area and cross section of machined trace.
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As the MFS-ball rolls, the adhering by-products are moved to the area near the electrode,
where there is a flowing electrolyte. Most of the by-products are washed away by the flowing
electrolyte and flow into the waste electrolyte pool along the V-shaped cross-sectional track on
the electrode, as shown in Figure 2.25(b).

In addition, to thoroughly clean off the ECM by-products that adhere to or are absorbed by
the MFS-ball, it is necessary to use the ultrasonic cleaning machine on the MF S-ball after every

experiment.

Electrolytes and by-products

Processed result

(a) Processed result, electrolytes and by-products at workpiece surface.

V-shaped
cross-section track -

Electrode
i

(b) Photograph of exit of the electrode with V-shaped cross-section track.

Figure 2.25 Photograph of Processed result and exit of the electrode.

2.9.2 Discussion about machining current paths

As described in section 2.6, the MFS-ball carries the electrolyte not only inside its porous

structure but also as a film covering its surface. Hence, during ECM, the machining currents
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flow through paths that include both the electrolyte inside the MFS-ball and the electrolyte film
on its surface. The diagram of these current paths is shown in Figure 2.27(a). The equivalent
circuit for machining using the MFS-ball is shown in Figure 2.27(b). For obtaining the
machining currents flowing through the electrolyte film and inside the MFS-ball separately, the
current flowing paths are regarded as two branches of the electric circuit. The relationship
between the electrical currents can be obtained with equation (2-2).

The following experiments were performed to verify the inferred machining current flowing

paths and to measure the value of the machining current flowing through each current path.

2.9.2.1 Total machining current of ECM

In the first experiment, the total machining current value of the normal ECM process was
measured. This experiment was performed using the procedure described in section 2.7, the
parameters given in Table 2.8, and a machining time of 100 s. And a constant voltage of 4 V,
which is smaller than the voltage in ECM when the MFS-ball was covered by the electrolyte
film, was used. Therefore, in the subsequent experiments, where the MFS-ball is used without
an electrolyte film, the electrolyte inside the MFS-ball will not be consumed quickly, and the
ECM can proceed for a longer period.

The waveforms of the machining current and voltage, shown in Figure 2.27, were measured
using a current probe (i30s/i30 AC/DC Current Clamps, FLUKE Corp.) and a voltage probe
with an oscilloscope (TDS 2001C, Tektronix Inc.). The average total machining current / was
33.1 mA. With the equation (2-3) and (2-4), the electrical resistance between the workpiece and

the electrode R is about 71 Q.

I=I+1 (2-2)
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where [ is the total machining current, /ris the machining current flowing through the electrolyte
film, and /; is the machining current flowing through the inside of the MFS-ball. R is the total
electrical resistance, U is the potential between the workpiece and the electrode, Ry is the
electrical resistance of the electrolyte film, R; is the electrical resistance of the inside of the

MFS-ball absorbed with electrolytes.
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-1 Power 1i
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(a) Current paths of ECM.
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Figure 2.26 Diagram of current paths and electric circuit.
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Figure 2.27 Current and voltage waveforms for MFS-ball with an electrolyte film.

2.9.2.2 Machining current flowing through every path

In the second experiment, the machining current that flows through the inside of the
MFS-ball was measured. As shown in Figure 2.28, the electrolyte film on the MFS-ball surface
was cleaned after the electrolyte absorption process. During the entire ECM process, there is no
electrolyte suppling, whereas the other experimental parameters and procedures were the same
as those in the first experiment. The machining results are shown in Figure 2.29. Because there
was no electrolyte supply, the experiment lasted for approximately 65 s. Finally, once the

electrolyte inside the MFS-ball was consumed completely, only the insulated dry MFS-ball was
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present between the workpiece and the electrode, rapidly decreasing the machining current to 0
mA. Hence, the entire experiment had to be stopped.

The machining results show that the workpiece surface was corroded by electrochemical
reactions, and an average machining current /; of 11.8 mA was detected between the electrode
and the workpiece. From these two experiments, it was determined that the machining current /;
flowing through the inside of the MFS-ball accounted for 35.6% of the total machining current /
of the circuit. The electrical resistance of the inside of the MFS-ball absorbed with electrolytes
R is about 289 Q.

Using equations (2-2), (2-3), and (2-4), we calculated that the machining current flowing
through the electrolyte film was 21.3 mA, which accounted for 64.4% of the total machining
current /, the electrical resistance of the electrolyte film Ryis about 94 Q.

From these results, we inferred that, during an ECM process using an MFS-ball, the
machining current starts from the workpiece and flows not only through the electrolyte film on
the surface of the MFS-ball but also through the inside of the MFS-ball to the electrode.
Moreover, affected by the electrical resistance of every through path, the machining current
flowing through the electrolyte film is greater than that flowing through the inside of the

MFS-ball.
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Figure 2.28 Process without electrolyte film on surface of the MFS-ball.
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(b) Current and voltage waveforms for MFS-ball without electrolyte film.
Figure 2.29 Processing results and current and voltage waveforms for MFS-ball without

electrolyte film.
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2.10 Conclusion

In this chapter, first of all, by using two kinds of water absorption materials, the
diatomaceous earth chip, and the MFS-ball, ECM experiments were carried out tentatively.
According to experiment results, it is found that though the diatomaceous earth chip has
superior electrolyte absorption, due to its poor water resistance and soft texture, the

diatomaceous earth chip is easily dispersed in electrolytes and broken during ECM.

Compared with the diatomaceous earth chip, when it is used in experiments, the MFS-ball
has good water resistance and absorption, and the strength of the MFS-ball is good enough to be
used for a long time. In ECM processing, the distribution of the electrolyte is controlled well too.
Hence, the MFS-ball is selected as the electrolyte absorption material in ECM for the following

research.

After that, we introduced the MFS-ball and its electrolyte-absorbed principle of capillary
action in detail. Thanks to the MFS-ball’s porous structures consisting of abundant micro holes,
the electrolyte is absorbed into the MFS-ball and forms an electrolyte film on the MFS-ball
surface driven by a physical phenomenon of capillary action. During ECM, the MFS-ball can
take the electrolyte to the ECM processing area, and due to the limitation of the MFS-ball,
electrolytes cannot flow at the workpiece surface, which eliminates the effects of the

stray-current corrosion.

Before processing with the MFS-ball, several main devices the experimental equipment, and the
electrode were introduced. Then, experimental procedures of using the experimental equipment in

ECM were listed.

And through the photo of ECM and the processing schematic, we summarized that, due to

capillary action, the MFS-ball can absorb electrolytes to its inside and form an electrolyte film on its
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surface. As rolls of the MFS-ball in ECM, the MFS-ball provides fresh electrolytes to the processing
area and takes away ECM by-products continuously. At the processing area, limited by the MFS-ball,
the electrolyte distributes to a small area around the contact point between the workpiece and the
MFS-ball.

Besides that, from the experimental results, it is verified that the stray-current corrosion can be
eliminated due to the distribution of the electrolyte being limited by the MFS-ball, and only the area
where there are electrolytes existing dissolved to become a shallow groove. And the depth of the
groove’s edge areais deeper than that of the groove’s center area.

It is clear that during ECM processing of this research, machining currents flow through both the
inside electrolyte and the electrolyte film of the MFS-ball, and the value of the machining current
flowing through the electrolyte film is greater than the current flowing through the MFS-ball’s inside

electrolyte.
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Chapter 3 Simulation and verification of processed result of ECM
3.1 Introduction

From the results of chapter 2, experimental materials and devices, processing principle and
method, the processed groove, the electrolyte distribution, and values of machining currents flowing
through each path were obtained. However, during the processing of this ECM method, situations
including the potential between the workpiece and the electrode, the current density distribution at
the processing area cannot be observed and measured. Besides that, the explanations for the depth
difference that exists at the cross-section of the processed trace were not solved well. And it is
thought that the machining current density and the current distribution are difficult to be measured
and calculated from experiment results.

Hence, in this chapter, a finite element analysis software COMSOL Multiphysics was used to try
to calculate the machining current density and its distribution at the processing area by simulating
ECM processing. At the same time, the potential between the workpiece and the electrode was
obtained. Combining with the machining current density and its distribution, the processed results in
simulating and the profile of the processed trace, and the depth difference of the processing area
were confirmed and explained fully. In addition, by changing the conductivity of the MFS-ball,
which is difficult to be accomplished in actual experiments, in simulating, the relation between the
MFS-ball and its surface electrolyte film and the roles they play in ECM processing were obtained.

After that, actual experiments were carried out with this ECM method to verify the simulation
results. And by comparing with processing results of the point processing and the groove processing

of chapter 2, discussions and summaries were done.
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3.2 Concept and geometry model for simulation

In order to build the simulation model, it is necessary to know the thickness of the electrolyte
film covering the surface of the MFS-ball first.

Under the conditions as shown in Figure 4.1(a), the diameter of the MFS-ball without the
electrolyte film on is surface is measured at about 10 mm. In the case that the MFS-ball is being
covered by the electrolyte film, as shown in Figure 4.1(b), the outer diameter of the film
becomes 10.23 mm. Hence, the thickness of the electrolyte film can be calculated to be about
0.115 mm. In order to facilitate subsequent simulations and calculations, the electrolyte film
thickness in simulating was set as 0.2 mm roughly.

When model building, in order to highlight the processing area of ECM, the part of the green
frame in Figure 4.1(b) was selected and used. The 2D model is shown in Figure 4.2. As
measured from experiments of chapter 3, the width of the whole electrolyte distribution area
during ECM is about 5.6 mm. Since half of the electrolyte distribution area was used in the 2D
model, its width was set as 2.7 mm. And to reduce the complexity of the model while
preserving the important and relevant conditions, the following assumptions were made to the
2D model:

‘During simulating, the workpiece contacted with the MFS-ball and the electrolyte film of the
MFS-ball surface, hence, currents could flow through the MFS-ball’s inside and the electrolyte
film at the same time.

‘During the simulation, the capillary action of the MFS-ball and the surface tension of the
electrolyte were not taken into consideration.

- The material of electrolyte film was liquid, whose electrical conductivity was set to be 12 S/m,

which is the same as the electrical conductivity of 10 wt.% NaCl solution.
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- The material of the MFS-ball was set as a stone material. In order to ensure that currents could
flow through the MFS-ball inside during simulating, in section 4.3, the electrical conductivity of
the MFS-ball was set to be 6 S/m hypothetically. In simulations of section 4.4, the influence of
the electrical conductivity of the MFS-ball was considered.

- Electrochemical polarization and concentration polarization were ignored.

- Both the cathode of the 2D model’s bottom and anode of the workpiece were considered
distinct equipotential surfaces. And only the potential, the current distribution, and the
processed result of the processing area were simulated.

- The change in conductivity, temperature, concentration and film thickness of the electrolyte

during ECM processing was ignored.

Workpiece

Diameter of MFS-ball
without electrolyte
film: 10mm

Electrode

(a) Diameter measuring of MFS-ball without electrolytefilm.

69



Workpiece

A Diameter of MFS-ball
covered by electrolyte
10.23mm

Electrode

(b) Diameter measuring of MFS-ball with electrolytefilm.

Figure 3.1 Schematic of diameter measuring of MFS-ball without /with electrolyhte film.
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Figure 3.2 2D geometry model of ECM.
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3.3 Multiphysics formulations

According to the electric field theory, the Laplace equation is capable of obtaining potential

at any point in the electrolyte domain, given by:

VZy=0  (3-1)

where V is the Laplace operator and v is the potential field. Similarly, Ohm’s law is used to

obtain a normal current density (J,,) across the electrolytic domain.

Jo=—0-Vv  (3-2)

where o is the electrical conductivity of the electrolyte.

Faraday’s equation is used to govern the material dissolution rate of the ECM process,

given by:
_ MAJn
)

where 1 is the current efficiency, which is set to 100 % in this research since a NaCl aqueous
solution is used. V}, is the material dissolution rate, A is the atomic weight, z is the valence of
the workpiece material, and p,, is the density of the workpiece material. Those parameters
depend on the workpiece material in simulations and experiments. F is the Faraday’s Constant

which is equal to 96,500 C/mol, J, is the current density obtained from Equation. (3-2).
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3.4 Simulation results
3.4.1 Simulation results of potential, current density distribution, and
processed result

By using the 2D model of ECM, Multiphysics formulations of section 3.2, and simulation
conditions of Table 3.1, simulations were carried out, and simulation results are obtained and
shown in Figure 3.3. With Equation (3-3), simulation results of the location and the profile at
the processed area are obtained and shown in Figure 3.4. For ease of the description and the
understanding of the following, the area whose processed depth is less than 2 pm is called the
center area, and the other area whose processed depth is more than 2 pm is called the edge area.

It can be found clearly from Figure 3.3 that the edge area has a greater current density. In

Table 3.1 Simulation conditions.

Item Specification
Material of workpiece SUS304
Thickness of electrolyte film 0.2 mm
Width of processing area 2.7 mm
Potential of workpiece 13V
Potential of 2D model’s bottom ov

Electrical conductivity of electrolyte film 12 S/m

Electrical conductivity of MFS-ball 6 S/m
Temperature 293.15K
Simulation time 0.8s
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the center area close to the contact point of the MFS-ball and the workpiece, the current density
gradually decreases.

The current density distribution curve is shown in Figure 3.3(c). The current density increases
to the maximum value, which is about 11 A/m2, along the horizontal axis first, and then
decreases gradually to the minimum value, which is about 3.5 A/m?.

To facilitate the following comparison and discussion, we took the line of X=0 in the 2D
model as the symmetry axis and symmetrized the processed result of Figure 3.4(a) to get the
whole cross-section profile of the processed area, shown in Figure 3.4(b). From Figure 3.4, we
found that the electrolyte distribution area is dissolved by electrochemical reactions, and the
greater the current density, the deeper the depth of corrosion.

In summary, from the simulation results above, the machining current density and its
distribution were obtained and affected by the machining current density distribution at the

processing area, the depth difference exists in the simulation result of the processed area.
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(a) Simulation result about potential.
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(c) Simulation result about current density distribution curve along processing area.
Figure 3.3 Simulation result about potential, current density distribution, and current density

distribution curve along processing area of 2D model.
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Figure 3.4 Simulation results about processed location and depth, and profile of processed area.
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3.4.2 Simulation by changing electrical conductivities of MFS-ball

After absorbing electrolytes, there are currents following through the inside electrolyte of the
MEFS-ball, which was measured in section 2.9 and simulated in section 3.4.1. However, the
electrical conductivity of the MFS-ball is unknown and not measurable. Hence, in section 3.4.1,
we tentatively set it as 6 S/m. But, when the MFS-ball’s electrical conductivity is changed, if
and how the processed result of ECM is affected and how the processed result is affected are not
investigated until now.

In this section, to explore whether the processing result will be affected when the
conductivity of the MFS-ball is changed, simulations by changing the electrical conductivity of
the MFS-ball were carried out. During simulating, the MFS-ball electrical conductivity was
increased from 0 S/m, which means no electrolyte exists inside of the insulation MFS-ball, to 12
S/m, which is equal to the electrical conductivities of the 10 wt.% NaCl solution. And we used
the simulation conditions listed in Table 3.1 except for the electrical conductivity of the
MFS-ball.

Simulation results are shown in Figure 3.5. When changing the electrical conductivity of the
MFS-ball, the distribution of the machining current density and the shape of the profile of the
processed result are not affected roughly. Similar to the simulation result of section 3.4.1, the
current density and the processed depth of the edge area are greater than that of the center area.

However, as the electrical conductivity of the MFS-ball increasing, both the current density
value and the processed depth at the processing area increase. The reason is that because the
potential between the workpiece and the electrode is kept constant, as the electrical conductivity
of the MFS-ball is increased, the resistance between them decreases. Finally, at the processed
area, the value of the current density and the processed depth increase at the same time.

Besides that, it can be found that when the electrical conductivity of the MFS-ball is equal to
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0, there are still machining currents existing at the edge area of the electrolyte distribution. The
reason is thought that although the machining current cannot follow through the inside of the
ball, due to there is the electrolyte film on the MFS-ball surface, it can flow through the
electrolyte film to arrive at the processed area. In addition, the workpiece surface was corroded
slightly by ECM in Figure 3.5(b). Hence, we can speculate that if an insulating ball, which can
form an electrolyte film as the MFS-ball does, is used in ECM to control the electrolyte

distribution, a shallow groove can be obtained by electrochemical corrosion.
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(a) Simulation results about current density distributions.
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(b) Simulation results about profile of processed area.
Figure 3.5 Simulation results about current density distributions and profile of processed area by

changing electrical conductivities of MFS-ball.

In brief, based on the simulation results above, the simulating results about the machining
current density distribution and the cross-section profile of the processed area are reliable for the
ECM method of this research.

Moreover, the reason for the depth difference of the processed trace existing in chapter 2 can
also be explained initially through the simulation results of the machining current density

distribution and the cross-section profile of the processed result in this chapter.
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3.5 Discussion of experimental results with simulation results

3.5.1 Point processing method and result

During the simulations above, the ECM processing time was 0.8 s, and the voltage between
the workpiece and the electrode was set as 13 V. Hence, we used the same conditions in the
experiment on point processing. The detailed experimental conditions are listed in Table 3.2.
The schematic of the point processing is shown in Figure 3.6. For easy presenting and
understanding, we take the workpiece as the reference, which means that the rolling MFS-ball

moves between A and B, while the workpiece is regarded as stationary.

Table 3.2 Experimental parameters.

Item Specification
Pulse current value 200 mA
Frequency of pulse current 1 Hz
Duty ratio of pulse current 10 %
Pulse on time of current 0.1s
Number of ECM processing 8
ECM processing times 0.8s

The whole point processing was divided into 8 times, each ECM processing was carried out
in 0.1 s. The purpose of this operation is explained as follows. Due to a stronger machining
current being used, electrolytes accumulated at the processing area, and the MFS-ball is not
enough to be used during the whole ECM process of 0.8 s, the MFS-ball has to supply fresh

electrolytes for the next ECM during moving.
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As shown in the schematic of the point processing, the MFS-ball moved between A and B,
and the location of the point processing is set as the point C. When the MFS-ball arrived at C
during the movement from A to B, it was stopped for 2 s. During the stopping period, the power
supply provided one pulse current to let electrochemical reactions occur in the processing area.
After that, the MFS-ball continued to move to B, and then it turned back to A for the next
process. The operation of the reciprocating movement between A and B was repeated 8 times.

And the point processing at C was repeated 8 times too, the whole ECM processing time is 0.8

The photo of the point processing result is shown in Figure 3.7(a). As shown in Figure 3.7(b)
and Figure 3.7(c), the 3D measurement result was measured by the 3D measuring instrument

and the cross-section measurement result was measured by using the contour-measuring.

Reciprocating direction
—

Figure 3.6 Schematic of point processing and moving trace.
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Moving direction of processing e
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(a) Point processing result. (b) 3D measurement results.
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(c) Cross-section measurement result.
Figure 3.7 Point processing result, 3D measurement results, and cross-section measurement

result of processed area.

3.5.2 Discussion and comparison between point processing result and simulation

result

From measurement results in Figure 3.7(c), we can find that the cross-section shape of the
point processing result is similar to the cross-section of the simulation result in Figure 3.4(b),
because in both of them, the processed depth of the edge area is deeper than that of the center
area, and maximum depths of them are about 5.5 um, the processed depths of center areas are
about 1.5 um. The comparison of the simulation result and the experiment result of actual point
processing is shown in Figure 3.8. Hence, it is considered that, because the processing method
of ECM both in the point processing and simulating are similar to each other, the point

processing result follows and verifies the simulation results of section 3.4.
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Figure 3.8 Comparison between the simulation result and the experiment result.

However, some differences exist between the simulation result and the experiment result,
especially the position of the maximum depth. It is thought that the electrolyte film thickness is
ignored during simulating. However, in contrast to simulation, during the actual processing, due
to the MFS-ball being kept still without fresh electrolytes supplying, as the electrolyte is
consumed by electrochemical reactions, the thickness of the electrolyte film and the area being
covered by the electrolyte of the workpiece surface are decreased gradually. Hence, in the
experiment result, the position of the maximum depth occurs closer to the center area than in the
simulation result.

In conclusion, from the comparison result above, it is considered that the cross-section profile
of the simulation result can be verified by the profile of the actual processing result, and the
simulation results, which include the potential, the machining current density distribution, are

reliable, which can well reflect the situation of the processing area in ECM.
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3.6 Discussion of groove processing and point processing in ECM

From the discussion results of section 3.5, it is thought that the simulation results of section
3.4 were verified. However, by comparing the processing result of the point processing in
section 3.5 with the groove processing result in Figure 3.9, it can be found that the value of
depth difference of the groove processing result is smaller than the point processing result.
Experimental parameters of the groove processing are listed in Table 3.3. And the consistency
between the cross-section shape of the simulation result and the cross-section shape of the
processed groove is less than between the simulation result and the point processing result. The
reasons for those conditions above are unknown until now.

Hence, in this part of the research, we will discuss and verify the point processing and the

groove processing to try to solve those problems.

Table 3.3 Experimental parameters.

Parameter Value
Movement distance of workpiece 50 mm
Movement speed of workpiece 8 mm/s
Constant current 40 mA
Pre-scanning time 100 s
Machining time 100 s
Number of machining reciprocating cycles 8

__ (00000

Measuring line Circular area

(a) Photo of processed groove.
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(b) Cross-section measurement result of processed groove.

Figure 3.9 Photo of processed groove and its cross-section measurement result.

3.6.1 Discussion between point processing and groove processing

In section 2.8.2, it was mentioned that the whole processed groove can be seen as an overlap
of lots of point processing areas. Based on this assumption, the schematic of groove processing
is shown in Figure 3.10.

Part (1) is the schematic of the processed result after the once point processing, it is the same
as the point processing results in Figure 3.9(a). The processed depth of the center area, which is
marked orange, is shallower than the processed depth of the edge area, which is marked blue.
The right side of the part (1) and part (2) of Figure 3.10 is the schematic of the cross-section
profile measured along the line crossing A, B, and C.

The part (2) is the schematic of the processed result after twice point processing, the distance
between the first point processing and the second point processing is | mm, which is less than

the diameter of the point processed area.
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As shown in the schematic of part (2), part of the center area of the first point processing is
overlapped by the edge area of the second point processing. As a result of this, the depth of the
center area around A is increased by the second point processing, while the depths of edge areas
around B and C are not changed. Hence, the depth difference decreases after the second point
processing, as shown in the cross-section profile’s schematic on the right side of the part (2).

With the increase of overlapping point processing, a groove as shown in the part (3) is

processed.
i Center area
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(1) once point C i
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Figure 3.10 Schematic from point processing to groove processing and cross-section profile.
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As demonstrated in Figure 3.10, although there is a large depth difference between the center
area and the edge area of each point processing, due to the center area will be overlapped by the
flowing point processing, and its depth will be deepened. Hence, the depth difference of the
groove processing is reduced significantly to be smaller than that of the point processing and the

simulation results.

3.6.2 Verification of point processing and groove processing

To verify the discussion in section 3.6.1, a groove was processed by using the method of the
schematic of groove processing in Figure 3.10. The number of point processing times is 5, and
the interval between them is 1 mm. The photo of the processed groove is shown in Figure
3.11(a), and the measurement result of the cross-section is shown in Figure 3.12(b).

By comparing the cross-sections of the processed groove of this section and the point
processing result of Figure 3.7, the maximum depth of the two cross-sections is equal to each
other roughly, but the depth of the center area of Figure 3.11 is larger than that of Figure 3.7. It
means that after groove processing, the depth of the center area is deepened as discussed in
section 3.6.1. And from the comparison result, the assumption above can be verified.

Besides that, it can be concluded that the simulation results obtained in section 3.4 can be

used to explain the experimental results both the point processing and the groove processing.

Measuring line

(a) Processed groove consist of point processing.
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(b) Cross-section measurement of processed groove.
Figure 3.11 Processed groove consist of point processing and cross-section measurement

result.

87



3.7 Conclusion

In this chapter, according to the actual experiment, we have 2D modeled for the processing
area. And by using the software of COMSOL Multiphysics, the potential between the workpiece
and the electrode, the current density distribution at the processing area, and the cross-section

profile of the processed area were simulated.

Through the simulation, the discussion and the verification of this chapter, and combined
with the groove processing result of chapter 2 and the simulation results of section 3.4,
conclusions about the reasons for the occurrence of the depth difference of cross-sections can be
summarized as follows:

(1) Due to the limitation of the electrolyte distribution by the MFS-ball, the amount of the
electrolyte at the edge area of the electrolyte distribution is more than that in the center area of
the electrolyte distribution, and the value of the machining current flowing through the
electrolyte film is greater than that of flowing through the inside electrolyte of the MFS-ball.
Differences in the electrolyte distribution and the value of the machining current lead to the
depth difference occurring in the processed area.

(2) During ECM processing, the machining current density distribution at the edge area of the
electrolyte distribution is greater than that of the center area, the greater the machining current
density, the more materials are corroded from the workpiece surface. Finally, the processed
depth of the edge area is deeper than that of the center area.

(3) Since the groove processing can be regarded as the process in which countless point
processing is carried out and overlapped with a tiny interval, and the simulation results of
section 3.4 are suitable for the point processing, the simulation results of chapter 4 also can be

used to explain the experimental results of groove processing.
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Chapter 4 Influence of processing parameters and optimal parameters
selection
4.1 Introduction

During the ECM process, machining characteristics are usually influenced by experimental
parameters. To explore the influence results and the reasons, in this section, the influences of the
following main experimental parameters, including the pressure between the workpiece and the
MFS-ball, the electrolyte flow rate, the time of pre-scanning, the machining constant current
(CC) value, the machining time, and the moving speed of workpiece are ascertained. After that,

the influence of the MFS-ball’s size difference and its solution method were explored.
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4.2 Influence of pressure between workpiece and MFS-ball

As mentioned in section 2.7.3, to ensure that the workpiece was in contact fully with the
MFS-ball along the entire movement track, the workpiece was moved 0.1 mm further toward
the MFS-ball after the contact, the maximum pressure between them was measured about 15 N.
And from the attempts before, it is found that if the pressure between the workpiece and the
MFS-ball is smaller than 10 N, the MFS-ball would be unable to contact the workpiece, it
would signify that the MFS-ball would not be rolling upon the workpiece during that duration of
the ECM process, stopping the electrolyte circulation in that machining area. On the other hand,
if the pressure is bigger than 25 N, due to being pressed by the excessive pressure, the MFS-ball

would be easily broken, which would fail in the ECM process.

To explore whether and how the pressure between the workpiece and the MFS-ball will
influence the ECM results, we carried out experiments with the experimental parameter of Table
4.1, and the pressure between the workpiece and the MFS-ball is 10 N, 15 N, and 20 N

respectively. The change of the pressure was realized by changing the extra movement distance.

Processing results of using different pressures and cross-section measurement results are
shown in Figure 4.1. From the cross-section measurement results, we can find that though the
different pressure between the workpiece and the MFS-ball were used in experiments, the three

cross-section profiles almost overlap with each other, and they have equal widths and depths.

Hence, we can conclude that the pressure between the workpiece and the MFS-ball will not
influence the ECM results of this study. And due to the MFS-ball used in experiments being
made of hard and brittle materials, once the pressure is greater than the maximum pressure that
the MFS-ball can bear, the MFS-ball will be crushed directly instead of being elastic
deformation. Finally, to make the following experiments proceed stably, the pressure of 15 N is

chosen and used.
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Table 4.1 Common experimental conditions.

Item Specification
Absorption material MFS-ball
MFS-ball diameter 10 mm
Workpiece material SUS304 plate
Electrode material SUS304 plate
Electrolyte 10 wt.% NacCl solution
Movement distance of workpiece 50 mm
Movement speed of workpiece 8 mm/s
Constant current 40 mA
Machining time 100 s
5 mm

Pressure:

Measuring line | I—

10N

(1) Processing results.
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(b) Cross-section measuring results.

Figure 4.1 Processing results and cross-section measuring results of using different pressures.
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4.3 Influence of electrolyte flow rate

In the conventional ECM process, the flowing electrolyte is needed to remove by-products of
bobbles, metallic hydroxides, and Joule heat of the working gap. While, in this research, the
following electrolyte is not in contact with the processing area of the workpiece surface, but is

used to supply the fresh electrolyte to the MFS-ball and take away the ECM by-products.

As an attempt, we tried to do some experiments to explore the influence of the electrolyte
flow. As shown in Figure 4.2(a), first of all, instead of providing flowing electrolytes, some
electrolyte was added to the V-shaped cross-section track before the experiment. And exits at
the two ends of the electrode were blocked. The other experimental parameters and method

were same as reported before.

During ECM processing, though the MFS-ball absorbed electrolytes as rolling, the ECM
by-products cannot be taken away, and they adhered to the MFS-ball surface and accumulate at
the electrolyte of the V-shaped cross-section track yet. The photo is shown in Figure 4.2(b).
This situation prevents electrochemical reactions from occurring and destroys the limitation of

the electrolyte distribution. Hence, the flowing electrolyte is necessary for this research.

— p -
Fresh electrolyte and V-shaped
cross-section track

Exists of V-shaped cross-section |
.’ track were blocked. _

(a) Before ECM processing
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(b) After ECM processing

Figure 4.2 Photo of ECM processing with non-flowing electrolyte.

After that, as increasing the flow rate of the electrolyte, it is found that there is no influence
on ECM processing results. But, when the flow rate of the electrolyte flowing out of the
electrolyte nozzle is greater than 4 mls, the flowing electrolyte may rush to the workpiece
surface as the MFS-ball rolling, as shown in Figure 4.3(a), and then the distribution of the
electrolyte at the workpiece surface becomes uncontrollable. The processed trace is shown in
Figure 4.3(b), due to the electrolyte distributing without limitation around the contact point
between the workpiece and the MFS-ball, the shape and the size of the processed trace are
irregular and cannot be controlled. Hence, during ECM processing of this research, the flow rate

of the electrolyte should be smaller than 4 ml/s.

/Workpiece

R

MFS-ball and
electrolyte

Electrode

(a) Photo of ECM processing with electrolyte flow rate of 4 ml/s
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(b) Photo of processed trace

Figure 4.3 Photo of ECM processing with electrolyte flow rate of 4 ml/s and processed trace.

When the electrolyte rate is less than 3 ml/s, as an example, the electrolyte flow rate of 2 ml/s
was used tentatively, the photo of the processed trace is shown in Figure 4.4. It is found that,
though the ECM can be carried out successfully, because the amount of the provided electrolyte
at the ECM processing area, the width of the processed trace is only about 3 mm, which is
narrower than when using the electrolyte flow rate of 3 ml/s. At the same time, the edges of the
processed trace are curved instead of straight, which leads to that the size of the processed

groove cannot be controlled by the MFS-ball effectively.

Hence, according to attempts of this research, 3 ml/s is selected as the most suitable flow rate
of the electrolyte. Because of processing with a flow rate of 3 ml/s, ECM by-products can be
removed away immediately, and the flowing electrolyte will not affect the electrolyte

distribution controlled by the MFS-ball on the workpiece surface.

Processed trace

Figure 4.4 Photo of processed trace with electrolyte flow rate of 2 ml/s.
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4.4 Influence and necessity of pre-scanning

As mentioned in chapter 2, before ECM processing, the procedure called the pre-scanning is
necessary, and the purpose of pre-scanning was introduced briefly. In this section, the influence

of the pre-scanning is explored first, and the necessity of the pre-scanning is discussed then.

4.4.1 Influence of pre-scanning

To investigate the influence of the pre-scanning time, the experimental parameters in Table
4.1, pre-scanning times ranging from 0 s to 350 s at intervals of 50 s, and the number of
pre-scanning reciprocating cycles increase from 0 times to 28 times at the interval of 4 times. At

the same time, the machining time of ECM is 100 s.

The cross-section measurement results when the pre-scanning time is less than 200 s are
shown in Figure 4.5(a), and the measurement results for the width and maximum depth of the

processed grooves are shown in Figure 4.5(b).

When the pre-scanning times were 0 s and 50 s, ECM was not conducted stably because the
electrolyte accumulated in the machining area was insufficient. In this case, electrical discharge
occurred in the processing area, and the voltage between the electrode and workpiece increased
sharply to the overvoltage. Finally, the ECM process was stopped, and the processed groove is
shown in Figure 4.5(b) was not obtained. Therefore, the machining results for these two cases

are not shown in Figure 4.5.

From the machining results, it was determined that the groove width increased gradually
concerning the pre-scanning time. However, because the volume removal rates of the ECM

processes were approximately the same because of the same machining current being used, the
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groove depth decreased as the width was increased. Furthermore, when the pre-scanning times

were longer than 250 s, the groove width and depth did not change significantly.

This result indicates that the width of the groove gradually increases concerning pre-scanning
times of up to 250 s, after which the electrolyte distribution at the machining area becomes

stable.

While, to improve the processing efficiency of this ECM method, when using the same
pre-scanning time, the influence of the pre-scanning becomes the same for each process, which
leads to the influence of the pre-scanning can be ignored. Hence, the same pro-scanning time of

100 s was used in the following experiments.

2

0
! | E
= -2 J Pre-scanning
sg | — 100s

4 iy s

-6 ‘

| 2 ! ; . 10

Width (mm)

(a) Cross-section of pre-scanning time less than 200 s.
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Figure 4.5 Cross-section measurement results, width and maximum depth for different

pre-scanning times.

4.4.2 Necessity of pre-scanning

Preliminary experiments revealed that pre-scanning is an important step for the entire ECM
process of this research. However, the necessity of pre-scanning and the effects of eliminating the
pre-scanning step on the ECM process are not clearly understood. Therefore, to explore the
aforementioned questions, experiments were conducted without pre-scanning. Subsequently, two
reasons for the necessity of pre-scanning were obtained as described below.

The first reason is to store electrolytes before the ECM process. Comparison diagrams of the
process with and without pre-scanning are shown in Figure 4.6. Without the pre-scanning operation,
the electrolyte accumulated in the machining area is not sufficient for use in ECM. Particularly,
when the constant machining current is higher than 30 mA, the electrolyte accumulated in the

machining area is consumed soon, subsequently, discharge occurs around the machining area, which
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prevents the ECM from progressing smoothly.

A schematic of the occurrence of discharge is shown in Figure 4.7. During the ECM process
without pre-scanning, the electrolyte around the machining area is easily consumed because of its
relatively small quantity. However, as electrolytes are not consumed in other parts of the MFS-ball,
the electrical resistance between the workpiece and the electrode rapidly increases. As a constant
current (CC) mode was employed, the voltage increased to approximately 120 V, which is the
maximum output voltage of the power supply. Because of this high voltage between the workpiece
surface and the electrolyte boundary of the MFS-ball as shown in Figure 4.7, the insulation of air is
broken down and discharge occurs.

The next and most important reason is to stabilize the electrolyte distribution in the machining
area. Otherwise, it is impossible for the ECM process and the processing results are maintained
stability. Even though the same experimental parameters are used in ECM processing, the sizes of
the processing results are different from each other, indicating that these processing results have to

be given up in subsequent studies.

Machining area

Machining area

Electrolyte  \FS.baljé Electrolyte

Electrode Electrode

(a) Without pre-scanning. (b) With pre-scanning.

Figure 4.6 Comparison of electrolyte and machining areas with and without pre-scanning.
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Figure 4.7 Schematic of discharge occurring area and electrolyte boundary.

Conceming its degree of influence, although pre-scanning has only a slight influence on the
depths and widths of processed grooves, it is one of the decisive factors that ensure that the ECM

process can be performed stably. Hence, a pre-scanning operation is necessary for this ECM method.
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4.5 Influence of machining current and selection of optimal machining current

value

As known, the greater machining current is promotional for ECM processing in some cases.
In this section, to verify whether or how the increasing machining current influence the
processing result of ECM, and provide references about the selection of the machining current

for the subsequent experiments and processes, the following experiments were carried out.

4.5.1 Influence of different machining current value

In these experiments, wherein the effect of the machining current value was investigated, the
CC value was varied between 10 mA and 50 mA and used in conjunction with the experimental

parameters given in Table 4.1. The results are shown in Figure 4.8.

According to Figure 4.8, as the CC value was increased, the depth and width of the
cross-section also increased. One of the reasons for this result is that the larger the machining
current value, the more electricity is used for ECM during the same period, and the greater the
amount of dissolved materials. In addition, because of the isotropy of the material dissolution,
which signifies that, during ECM, the material dissolves in all directions of the workpiece.
Machining currents not only work toward the depth but also laterally. Therefore, both the

sidewall and bottom of the processed groove were dissolved by electrochemical action.

Additionally, during ECM, some by-products adhered to and accumulated in the machining
area of the workpiece. For the same experimental parameters, excluding the CC value, the
formation rates and amounts of these by-products increased as the CC value was increased. A
photograph of the electrolytes and by-products accumulated on the processed groove is shown
in Figure 4.9. In contrast to the by-products that adhere to the surface of the MFS-ball, these

by-products cannot be cleaned by the flowing electrolyte. When the MFS-ball contacts the
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workpiece, the by-products and electrolytes of the machining area are squeezed and spread,
increasing the area covered by the electrolyte. This explains why the width of the processed

groove widens as the CC value increases.

Finally, both the depth and width of the cross-section of the processed groove increased as

the CC value was increased.

4.5.2 Selection of optimal machining current value

In the experiments above, ECM processing went on smoothly at the moving speed of 8 mm/s,
when the maximum machining current value of 50 mA was used. While, when the moving
speed is decreased to smaller than 8 mm/s because the speed of the fresh electrolyte supplying
to the processing area of the workpiece surface decreases, the electrolyte accumulating at the
processing area is not enough to be used in ECM processing. Hence, similar to Figure 4.5,

discharge occurs, and the whole ECM has to be stopped.
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(a) Cross-section of processed grooves.
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Figure 4.8 Machining results for processed grooves for different CC values.

Electrolytes and by-products

Machined trace

Figure 4.9 Photo showing the electrolytes and by-products accumulated on the processed

groove.

In brief, when the moving speed of the workpiece is greater than or equal to 8 mm/s, to
improve the processing efficiency of ECM, the machining current of 50 mA can be used. When

processing with a moving speed less than 8 mm/s, the machining current of 40 mA should be

used.
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4.6 Influence of machining time

In these experiments, wherein the effect of the influence of machining time was investigated,
machining times of 50 s, 100 s, 150 s, and 200 s, were used in conjunction with the
experimental parameters given in Table 4.1. The corresponding numbers of reciprocating

processing cycles were 4, 8, 12, and 16.

According to the measurement results shown in Figure 4.10, as the machining time was
increased, the depth and width of the processed groove simultaneously increased. The reason for
this result is inferred to be the increase in electricity quantity with the machining time, where
the increasing electricity quantity led to an increase in the amount of corroded material in the
machining area of the workpiece. Because of the isotropy of the metal dissolution, by-products,
and electrolytes in the machining area, as explained in section 4.4, both the depth and width of

the cross-section increased as the machining time increased.
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(a) Cross-section of processed grooves.
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Figure 4.10 Machining results under different machining time.

In deep grooves processing, it is more suitable to increase the machining time than it is to
increase the CC value. It is because the amount of electrolyte accumulated in the machining area
is small. When the CC value, especially when it is larger than 50 mA, is used, the electrolyte is
consumed instantly, which leads to the occurrence of discharge in the machining area. Thus, the
entire ECM process cannot be conducted continuously. On the other hand, as shown in Figure
4.10, the depth of the processed groove was almost proportional to the machining time and
continued to deepen as the machining time was increased. Hence, increasing the machining time

is beneficial for deep-groove machining,
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4.7 Influence of workpiece moving speed

As reported in the processing method of chapter 2, driven by the friction from the workpiece
surface, the MFS-ball rotates while moving along with the workpiece. Hence, the workpiece
moving speed directly affects the moving speed and the rolling speed of the MFS-ball and
affects the processing result of ECM indirectly. Aiming at exploring the influence of workpiece
moving speed on the ECM processing result, the following experiments were carried out by

changing the moving speed of the workpiece.

Based on variations in the workpiece movement speed of 4 mm/s, 6 mm/s, and 8 mm/s, in
conjunction with the experimental parameters outlined given in Table 4.1, experiments were
conducted to investigate the influence of the movement speed of the workpiece. If the moving
speed of the workpiece is less than 4 mm/s, the electrolyte provided to the processing area is not
enough consumed by ECM because the same machining current value of 40 mA was used in
this part of the research. Hence, the minimum value of the workpiece moving speed was set to 4

mmy/s.

To ensure that the amount of electricity supplied to each part of the processed groove
remained constant, the number of reciprocating processing cycles was increased with the
increase in the movement speed of the workpiece. For movement speeds of 4 mm/s, 6 mm/s,

and 8 mm/s, the numbers of reciprocating processing cycles were 4, 6, and 8, respectively.

The measurement results of cross-sections are shown in Figure 4.11. According to these
results, as the workpiece movement speed increased, the depth and width of the cross-section

were slightly increased simultaneously.

Based on these observations, it is inferred that a faster workpiece movement speed results in a

faster MFS-ball rolling speed. At the same time, because the speed of electrolyte supply in the
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machining area is improved, ECM is accelerated. Hence, for the same machining current value

and the same machining time, the amount of corroded material increases as the movement speed

of the workpiece is increased.

However, compared with the conclusions of section 4.2, section 4.3, and section 4.4, the

effect of using a faster workpiece movement speed is not as evident as those of using a greater

CC value or a longer machining time.
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(a) Cross-section of processed grooves.
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Figure 4.11 Machining results under different moving speed.
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4.8 Influence of MES-ball’s size difference and solution

MFS-balls used in this research are bought from the market, and without the restriction of the
tolerance. These MFS-balls are used as water filters in daily life. Hence, as mentioned in section
2.5, there are size differences in MFS-balls. To find out the value of the MFS-ball’s size
difference and the influence on the size of processed results, the following experiments were

done.

4.8.1 Influence of MFS-ball’s size difference

First of all, we took out 3 pieces of MFS-ball randomly, as shown in Figure 4.12. And then
diameters of 10 different parts for each MFS-ball were measured, where the largest diameter is
defined as dmax, and the smallest diameter is defined as dmin. The difference between dmar and

dmin 1s defined as the maximum of the MFS-ball’s size difference (7u).

After that, by using the formula (4-1) and (4-2), the average diameter (d) and the dimensional

difference percentage (Ps) of the MFS-ball can be calculated.

As we know, the smaller the difference between the maximum and mmimum diameters, the
closer the ball is to an ideal sphere and the smaller the value of dimensional difference
percentage. Hence, in this paper, the dimensional difference percentage of the MFS-ball is used

as the criterion for judging the MFS-ball’s shape. The calculation result is shown in Table 4.2.

d=1¥" d, (4-1)

o Li=1

Py =100% ¢ (42
a d
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Figure 4.12 MFS-balls.

Table 4.2 Size difference and dimensional difference percentage of MFS-ball.

MFS-ball | Ta(mm) | d (mm) | Pa (%)

Bi 0.18 9.52 1.89
B2 0.38 9.87 3.85
B3 0.21 9.58 2.08

To find the influence of the MFS-ball’s size difference on the width of the processed groove,
combined with the experimental parameters of Table 4.1, MFS-balls: Bi, B2, B3 were used in
ECM processing, the processing time is 50 s. After that, the widths of the processed groove’s 10
different parts were measured randomly, where the largest width is defined as Dumax, and the
smallest width is defined as Dmin. The difference between Dwmar and Dwmm is defined as the
maximum size difference of the processed groove’s width (7p). One of the measurement results

of the processed groove’s cross-section is shown in Figure 4.13.

With the formula (4-3) and (4-4), the average width (D) and the dimensional difference
percentage (Pp) are obtained. The calculation results are shown in Table 4.3. The dimensional

difference percentage of MFS-balls and processed grooves is shown in Figure 4.14.

110



Combining with Table 4.2, Table 4.3, and Figure 4.14, it can be found that the size difference
of the MFS-ball affects the processed groove directly, the larger the size difference of the

MFS-ball, the greater the size difference of the processed groove.

= 1
D=-30,D (43)

Py = 100% -2 (4-4)

Table 4.3 Size difference and dimensional difference percentage of processed groove.

Processed groove | 7o (mm) | D (mm) | Pp (%)

Machined by B 0.10 4.83 2.07

Machined by B2 0.30 5.43 5.52

Machined by B3 0.10 4.90 2.04

111



g
=
=
&
=
B
wn ] — — — — . -
g 3 Bi
£ -4 — B:
- Bi
-5 —
-6
0 1 2 3 4 5 6 i 8
Width (mm)

Figure 4.13 Cross-section measurement results of grooves processed by using un-machined

MFS-balls.
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Figure 4.14 Dimensional difference percentage of MFS-balls and processed grooves.

4.8.2 Solution of MFS-ball’s size difference

According to experiments before, the size difference of the MFS-ball’s diameter leads to that
there are size differences exist in the width and the depth of the processed grooves. To eliminate
the size difference of the MFS-ball and its influence on the processed groove, the hemispherical
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grinding tool was used. A photo of the hemispherical grinding tool is shown in Figure 4.15(a).
The hemispherical grinding tool is used commonly in the processing of balls made of jewelry or
jade. In this research, during the size regularize process, as shown in Figure 4.15(b), two
hemispherical grinding tools were used to grind the MFS-ball to regularize its size. After the
regularization process, the diameter of the MFS-ball is processed to 9.4 mm with a tolerance of
less than 0.05 mm, which is reduced greatly than the tolerance of the un-regularized MFS-ball’s

diameter.

Diameter: d = 9.4mm

Hemispherical
grinding tool

(a) Photo hemispherical grinding tool.

Rotation Rotation

Hemispherical
grinding tool

(b) Regularization process method.

Figure 4.15 Photo of hemispherical grinding tools and regularization process method.
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By using the formula (4-1) and (4-2), the size difference and dimensional difference

percentage of MFS-ball after regularization were obtained as listed in Table 4.4.

After that, ECM processing was carried out by using the regularized MFS-ball, and the
experimental parameters. The cross-section measurement results of grooves are shown in Figure

4.16.

Table 4.4 Size difference and dimensional difference percentage of regularized MFS-ball.

MFS-ball | Ta(mm) | d (mm) | Pa (%)

Al 0.04 9.43 0.42
Az 0.05 9.42 0.53
A3 0.04 9.42 0.42

o

Processed depth (pum)
de L
- 4
.

0 1 2 3 4 5 6 7 8
Width (mm)

Figure 4.16 Cross-section measurement results of grooves processed by using regularized
MFS-balls.
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With the formula (4-3) and (4-4), the size difference and dimensional difference percentage
of the processed groove were calculated, as shown in Table 4.5. The dimensional difference

percentage of MFS-balls and processed grooves is shown in Figure 4.17.

According to the results of Table 4.4, Table 4.5, and Figure 4.17, it is found that the size
difference of the processed groove is reduced when using the regularized MFS-ball. And this
confirms that the smaller the size difference of the MFS-ball’s diameter, the smaller the size

difference of the processed groove.

Table 4.5 Size difference and dimensional difference percentage of processed groove of using

regularized MFS-ball.

Processed groove | 7o (mm) | D (mm) | Pp (%)

Machined by Ai 0.03 4.26 0.7

Machined by Az 0.03 4.16 0.72

Machined by As 0.03 4.13 0.73
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Figure 4.17 Dimensional difference percentage of MFS-balls and processed grooves.
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4.9 Conclusion

This chapter summarized the influences of several main experimental parameters in this ECM

method.

Although the pressure between the workpiece and the MFS-ball does not affect the
processing results during ECM processing, to ensure that the workpiece and the MFS-ball
contact with each other for the whole process and make the ECM process being carried out

stably, the pressure value is selected as 15 N.

Due to the flowing electrolyte not working directly on the processing area of the workpiece
surface, it is used to take away ECM by-products of the MFS-ball surface and the V-shaped
cross-section track. Hence, a suitable electrolyte flow rate of 3 ml/s was selected for the

following experiments.

According to experiments of this method, a necessary operation called the pre-scanning was
summarized. The pre-scanning operation can accumulate electrolytes at the processing area in
advance, and ensure the smooth progress of ECM. In addition, we found that when the
pre-scanning time is less than 250 s, the width of the electrolyte distribution at the processing
area increases as the time of the pre-scanning increases when the pre-scanning time is more than

250 s, the width of the electrolyte distribution will not be affected by the pre-scanning.

During the ECM processing of this method, the machining current value influences the
processed groove directly. When using the same experimental parameters, the depth and the
width of the processed groove increase as the machining current value increases. While, when
the value of the machining current is larger than 50 mA, because the electrolyte supplied by the

MFS-ball is not enough to be used in processing, the ECM cannot be carried out.
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When using the same experimental parameters, except for the machining time, the depth and

the width of the processed groove increase as the machining time.

Besides that, the depth of the processed groove increases, and the width of the processed
groove decreases as the moving speed of the workpiece increases. It is considered that a faster
moving speed of the workpiece promotes the rotation and the movement of the MFS-ball, hence
the refresh rate of the electrolyte at the processing increases. This is helpful for ECM

processing.

Finally, we find that there are size differences exiting of MFS-balls’ diameters, and it is turn
out be that the size differences of processed grooves are caused by the size differences of
MFS-balls. The larger the MFS-ball’s size difference, the greater the size difference in the
processed groove. After being eliminated by the hemispherical grinding tool, size differences of

the MFS-ball’s diameter and the processed groove’s width were decreased obviously.
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Chapter S Applications of this ECM method
5.1 Introduction

According to the research results before, it is found that since the electrode where there is a
V-shaped cross-section track is used in ECM processing, a strip-shaped groove is processed at
the workpiece surface after processing. And because of the electrolyte distribution limitation of

the porous MFS-ball, the stray-corrosion and the rust corrosion are prevented effectively.
In this chapter, we tried to explore the actual applications of this ECM method.

First of all, wide grooves with different cross-section profiles were processed by changing the
interval between two grooves. Before that, to predict the cross-section shape of processed
grooves, calculations for the cross-section profile were done with the software of Microsoft

Excel.

Then, to be used in the mental marking of this stray-corrosion-free ECM method, a new tool,
named the universal moving unit, was designed and fabricated. Combining with the universal
moving unit during the ECM process of this research, several dimple English alphabets were

etched on the workpiece surface.

Besides that, based on the research result until now, we found that by using the ECM method
of this research, grooves with shallow depths were processed. And it is thought that these
shallow grooves are suitable to be used as oil pockets for sliding surfaces. Hence, with a relay
module used as the switch of the power supply in experiments, shallow grooves with different

lengths and different depths were processed.
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5.2 Processing of wide groove

5.2.1 Processing method

First of all, by using the processing method introduced in chapter 2, and the experimental
parameters listed in Table 5.1, a single groove was processed at the workpiece surface. Along
the measuring line, the cross-section profile of the processed groove was measured with the
contour-measuring machine. And the photo and the schematic of ECM processing are shown in
Figure 5.1, the single processed result is shown in Figure 5.2, and the measurement result is

shown in Figure 5.3.

Table 5.1 Experimental parameters.

Parameter Description
Absorption material MFS-ball
MFS-ball diameter ®10 mm
Constant current value 40 mA
Material of workpiece and electrode SUS304 plate
Electrolyte 10wt.% NaCl solution
Moving speed of workpiece 8 mm/s
Moving length of workpiece 50 mm
Time of pre-scanning 100 s
Time of single processing 100 s
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Figure 5.1 Photographs and schematic of ECM process.

Based on the shape of the single processing groove and its cross-section profile in Figure 5.2

and Figure 5.3, the schematic of the wide groove processing method is shown in Figure 5.4.
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Figure 5.3 Cross-section of single processing groove.

After completing the ECM process of the single groove, the MFS-ball returns the initial
position on the V-shaped cross-section track, then the workpiece moves up 10mm along the
Z-axis of Figure 5.1 to separate from the MFS-ball. After that, the electrode and the MFS-ball
move along the Y-axis to the target distance. And the workpiece moves down by 10mm along
the Z-axis to contact with the MFS-ball, and then continues ECM processing. For the following
groove processing, the above operation will be repeated to achieve the multiple processing trace.

Since a little electrolyte will remain in the machining area, to prevent the remained electrolyte
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from affecting the final results, the electrolyte that remained in the original position was cleaned

out after every single groove processing.
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Wide groove after multiple Cross-section profile
processing of wide groove

Figure 5.4 Schematic of wide groove processing.

5.2.2 Processing result of wide groove

By using the processing method of section 5.2.1, the wide groove processing was carried out
at intervals from 0 mm to 3.5 mm, and the number of the wide groove processing is 4 times.
Photo of the wide groove is shown in Figure 5.5, and measurement results of cross-section
profiles are shown in Figure 5.7. From that, we can find that, although the same experimental
parameters were used during processing, due to the interval between two single grooves being

changed, cross-section profiles of wide groove are different from each other.

Before ECM processing, to foresee the cross-section profile of the wide groove, calculations

about the cross-section profile were done by using the software of Microsoft Excel. During
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calculating, the data of the latter single groove is accumulated on the former one. And the data
of the single groove’s cross-section shown in Figure 5.3 was used, the interval increases from 0
mm to 3.5 mm. The schematic of the cross-section calculation is shown in Figure 5.6, the

calculation results are shown as black contour lines in Figure 5.7.

From Figure 5.7(b), when the interval is 0.5 mm, it is found that the cross-sectional profile of
the wide groove is similar to a “V” shape, and the depth difference, which occurs in the former
research results, in the cross-section, between the center area and the edge area was eliminated

effectively.

— d: Omm n
d: 0.5mm
d: 1.0mm
d: 1.5mm
Interval | 3. 5 omm | Multiple
value grooves

d: 2.5mm

d: 3.0mm

d: 3.5mm

Smm | Measuring line
—

Figure 5.5 Photo of wide grooves.
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Figure 5.6 Schematic of cross-section calculating.
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Figure 5.7 Cross-section profiles of measurement results and calculation results of wide

grooves.
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5.2.3 Comparison between wide groove measurement result and calculation

result and analysis

From the comparison between wide groove’s cross-section profiles of measurement results

and calculation results in Figure 5.7, we can find that:

(1) For the same interval condition, the cross-section shapes of the processed results and the
calculated result of wide groove are similar to each other roughly. It is thought that due to the
MFS-ball can limit the electrolyte’s distribution in ECM processing, material dissolutions only
occur in the electrolyte existing areas. During the wide grooves processing, only the overlapping
area was processed twice, while for the other areas, the formerly processed groove is hardly

affected by the later processed trace except for the overlap position.

(2) Though the shape of the cross-section between the machining trace and the calculated result
is the same as each other roughly, the black contour lines and the red contour lines of Figure 5.7

do not match completely. The reason is considered as the following.

As reported in chapter 4, if other experimental conditions can be maintained, the width and
the depth of the processed groove increase as the ECM processing time increases. When the
interval is Omm, the total processing time of the wide grooves is equivalent to 400 s, which
means that the ECM process is carried out continuously to 400 s, and the width of the processed
groove increases. However, during calculating, only the depth of the processed area increases to
become 4 times the depth of the single groove, while the width of the calculated result is kept
constant during the calculation, which is equal to the width of a single groove whose processing
time is only 100 s. Hence, the width of the actual machining trace is larger than the width of the

calculated result.

(3) For other intervals, the reason why the contour lines do not match each other is considered

that there is a size difference exists for MFS-balls. As recorded in the product introduction of
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the MFS-ball, the size difference is about plus or minus 0.5mm. In chapter 4, we measured the
diameters of MFS-balls, and there are dimensional differences that exist in the same MFS-ball
and different MFS-balls. When the single groove is processed by using a bigger MFS-ball, the
width of the processed groove may become wider than that of processing with a smaller

MFS-ball.
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5.3 Metal marking processing with universal moving unit

5.3.1 Introduction of metal marking

Metal is one of the most common materials in our daily life. Because of its features like
conductive, reactive, cost-effective, etc., metal materials are dependent on and used in
manufacturing, production, and consumerism. For most metal products, it is important to mark
patterns such as product coding, product logos, graphics, etc. During metal marking, there are
lots of processing methods which include dot peen marking, laser processing, and
electrochemical marking are usually used.

(1) Dot peen marking

As shown in Figure 5.8, the dot peen marking method is a pin marking application, and it
allows manufacturers to make deep, permanent impressions for identification and traceability on
the surface of metal products. During which, by using a marking pin or stamping a series of
small, closely spaced dots, target patterns are formed on the workpiece surface. These patterns
make sure that the product is traceable, especially when the product does not meet the
requirements of users’ or has been damaged. While, as a kind of stress marking method, it is

hard to be used in marking thin-walled products [4¢],

Dot peen

Marked
workpiece

e M m
Figure 5.8 Photo of dot peen marking. [40]
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(2) Laser marking

Laser marking is another effective marking method, the schematic of laser marking is shown
in Figure 5.9. During processing, a focused laser beam [#7] is used to mark permanent patterns on
the workpiece surface. When the laser beam interacts with the workpiece, it alters the material’s
properties and appearance. This concentrated laser beam is distributed only in the specified area
to create precise, high-quality, high-contrast marks that are easy to read or scan on the surface of
the workpiece.

This feature makes the laser marking method for applications where high accuracy and
permanence are critical to success. Besides that, this marking method is usable on various
materials, not only metal materials but also plastics, woods, etc.

However, due to metal materials being removed by chipping or melting, some residual

stresses and micro-cracks exist after laser marking.

&— Laser beam

Marked
workpiece

Figure 5.9 Schematic of laser marking. [47]

(3) Electrochemical etching
As a kind of etching method, electrochemical etching is usually used to process marks on the

surface of products. Based on the processing principle of ECM, Electrochemical etching is a
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process by which conductive metal surfaces are marked or etched with the help of electrical
current and mild electrolytic fluids.

As reported in chapter 1, during ECM processing, the material of the workpiece is removed
by electrochemical reaction at the level of atoms, there is no stress and melting occurs in the
processing area. After ECM, the processed area is not affected by residual stresses or
micro-cracks.

In this section, based on the research results before, we tried to explore using the ECM
method with the MFS-ball used as the electrolyte absorption materials to process shallow

patterns, which can be used as marks, on the workpiece surface.

5.3.2 Introduction of universal moving unit and processing principle

In our former research, the electrode where there is a V-shaped cross-section track used as the
moving track of the MFS-ball was utilized. But by using that electrode, only the straight groove
can be processed. Although the length of the groove can be controlled by adjusting the moving
length of the workpiece and the MFS-ball, it is inconvenient to form patterns like English letters

or numbers on the workpiece surface.

Hence, first of all, aiming at processing dimple textures and being inspired by the writing
process of using a ball-point pen, the innovative experimental equipment called the universal

moving unit was designed.

A photo and the schematic of the universal moving unit are shown in Figure 5.10, and a
processing photo and the processing schematic are shown in Figure 5.11. The universal moving
unit consists of an acrylic frame, used as the stand of the experimental equipment, four copper
shafts, four stainless steel bearings, and an MFS-ball. The MFS-ball is placed in the cavity area

surrounded by bearings. When being driven by the friction from the workpiece, the MFS-ball
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can only roll freely instead of moving with the workpiece, because the movement of the
MFS-ball is limited by bearings. With this universal moving unit, by controlling the moving
trace of the workpiece with the CNC machine, it is convenient to process complicated target
patterns on the metal workpiece surface.

The processing principle of using the universal moving unit is similar to that of using the
electrode with a V-shaped cross-section track. Due to the capillary action, electrolytes are
absorbed by the MFS-ball. At the ECM processing area, where the MFS-ball contacts with the
workpiece, because of the surface tension of liquids, electrolytes spread on the workpiece
surface, and a small area around the contact point is covered by electrolytes. Once machining
currents are flowing from the workpiece to the electrode, electrochemical reactions will occur in
the area covered by electrolytes. Besides that area, there is no electrochemical reaction occurs,
and the other surface of the workpiece is not corroded by ECM. Hence, the ECM method of this
research can limit the distribution of electrolytes and avoid the areas which should not be

processed by ECM being corroded as much as possible.

O dn
ot . 4 Wrapped with |
"' %Ff’qf 1» vinyl tape from

Bearing bottom to top
\Acrylic frame .. : _
« e ™ Entrance of

. electrolyte jet

(a) Schematic of universal moving unit. (b) Photo of universal moving unit.

Figure 5.10 Schematic and photo of universal moving unit.
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(a) Processing schematic of using universal moving unit.
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(b) Processing photo of using universal moving unit.

Figure 5.11 Processing schematic and photo of using universal moving unit.
In addition, as shown in Figure 5.11(b), the fresh electrolyte is supplied from the entrance of

the electrolyte jet to replenish electrolytes for the MFS-ball and take away ECM by-products

adhere to the surface of the MFS-ball, then the waste electrolyte flows out from gaps around the
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MFS-ball and bearings. To avoid the electrolyte flowing out from side gaps of the acrylic frame,

the acrylic frame are wrapped by vinyl tape from the bottom to the top of the sidewalls.

5.3.3 Processing method of metal marking

The whole experiment equipment of metal marking is shown in Fiugre 5.12. With the whole
experiment equipment, the metal marking steps are as follows:

(1) Workpiece positioning and contact detection:

First, the MFS-ball was placed in the cavity of the universal moving unit. And then, the
workpiece was moved downward along the —Z direction to contact with the MFS-ball. During
this, the power supply remained turn-off. To make sure that the workpiece contacts the
MFS-ball, the workpiece and one of the bearings were connected to probes of a digital
multimeter separately. Once the workpiece contacts the MFS-ball, the electrical circuit of the
digital multimeter is closed and a contact signal of beep will be emitted. Furthermore, to ensure
that the MFS-ball ball was fully in contact with the workpiece during the whole process, the
workpiece was moved downward 0.1mm further. The force between the workpiece and the ball
produced due to the further movement was about 15N, according to the force measurement.

(2) Pre-scanning;

The electrolyte pump was switched on to provide fresh electrolytes to the MFS-ball and take
away ECM by-products. Then, the workpiece moved along the pre-set trace under the control of
the CNC system. During this step, the power supply was also turned off. This step in the
experiment is referred to as pre-scanning. The purpose of the pre-scanning is to form a stable
electrolyte film on the MFS-ball surface and accumulate electrolytes at the processing area.
Otherwise, the whole ECM cannot be performed stably. The influence and necessity of the

pre-scanning have been reported in detail in chapter 4.
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(3) Metal marking:

After the pre-scanning period, the whole experimental equipment started to do metal marking
as the pre-set program of the CNC machine. During which, the workpiece was driven by the
CNC machine to move in the XY plane, moving traces of ‘E’, ‘C’, and ‘M’ are shown in Figure
5.13. Limited by the size of the workpiece and the maximum moving length of the CNC
machine, these dimples were separately processed one by one. During processing, the constant
current value is 40 mA, and the number of reciprocating processing is 16.

First, after the CNC machine sent an electric signal to the relay module through the R cable,
the relay module was turned on. At the same time, the power supply was turned on, and
electrochemical reactions occurred in the processing area. When the electric signal in the R
cable was stopped, the relay module and the power supply were turned off, which led to the
ECM process being stopped too.

The universal moving unit was fixed, and the workpiece, which moved in the XY plane, was
controlled by the CNC machine based on the pre-set program. With the moving trace shown in
Figure 5.13, dimple English alphabets of ‘E’, ‘C’, ‘M’ were processed. Limited by the size of
the workpiece and the maximum moving length of the CNC machine, these dimples were
separately processed one by one.

(4) Ending:

After the ECM, the power supply and electrolyte pump were turned off. The workpiece was
moved up in the +Z direction, and then the CNC machine was switched off.

The common experimental conditions in Table 5.2 were used in metal marking.
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Table 5.2 Common experimental conditions.

[tem Specification
Absorption material MFS-ball
MFS-ball diameter 9.4 mm
+0.05 mm
Tolerance of MFS-ball diameter
-0 mm

Workpiece SUS304 plate
Electrode SUS304 bearing
Electrolyte 10 wt.% NacCl solution
Number of reciprocating pre-scanning 8
Constant current value 40 mA
Number of reciprocating processing 16
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Figure 5.13 Moving trace of processing ‘E’ ‘C” ‘M’.

5.3.4 Processing result of metal marking

The photo of the marking processing result and the 3D measurement result are shown in
Figure 5.14. From that, we can find that after marking processing, dimple English alphabets, ‘E’,
‘C’, ‘M’, with depths of about 7 um were etched on the workpiece surface. Hence, it is verified

that by using the ECM method of this research, metal marking can be achieved easily. And

139



because the distribution of the electrolyte is limited by the MFS-ball, besides the processed area,

there is no material dissolved at other areas of the workpiece surface.

(b) 3D measurement results of marking processing results.

Figure 5.14 Photo and 3D measurement results of marking processing results.

5.3.5 Discussion about metal marking

In this research, limited by the CNC machine, only the workpiece which was fixed on the
moving axis of the CNC machine can move during processing. However, in the actual
production process, markings are usually processed in heavy workpieces, these workpieces are

difficult to be moved and fixed on CNC machines.
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Hence, in the following research, we plan to improve the ECM method and fix the universal
moving unit on the moving axis of the CNC machine. In this way, heavy workpieces remain
stationary during marking processing, and the target texturing can be processed only by
controlling the movement of the universal moving unit.

In summary, the ECM method of this research is similar to writing with a ball-point pen, and
it has a wide range of applicability, no matter how large and weight the workpiece is, and

whether the processing surface is flat or curved.
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5.4 Oil pocket processing

5.4.1 Introduction of oil pocket and its processing method

As discussed in the 1960s first [48], dimple texturing has emerged in recent decades as a viable
means for enhancing tribological performance [4 301 Since dimple structures, like shallow
grooves, can provide lubricant oils to form an oil film B! 521 at the contact area of sliding
surfaces, as shown in Figure 5.15, to reduce friction and improve the wear properties of
mechanical components. As reported, dimpled structures used as oil pockets of the sliding
surface can reduce friction by 30% or more [331.

However, as shown in Figure 5.16, if there is no oil pocket, supplying lubricating oil to the
area between sliding surfaces becomes difficult. This causes wringing and stick-slip phenomena

and thus leads to a drop in the movement smoothness and accuracy.

Figure 5.15 Photo of sliding surfaces of milling machine.

Moving direction
Sliding ——
surface

(a) Sliding surface without oil pockets.
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(b) Sliding surface with oil pockets.

Figure 5.16 Comparison of sliding surface without / with oil pockets.

Hence, various techniques have been employed for dimple texturing processing. Hand
scraping 34 is a conventional method with a long history in oil pocket processing of sliding
surfaces. A photo of hand scraping is shown in Figure 5.17. During which, skilled workers
manually scrape shallow grooves, whose depth is about several micrometers usually. In the age
of industrial automation, scraping with hands faces lots of shortcomings, which include that
difficult operation, not conducive to skill transfer, and low processing efficiency [53],

Zhang et al. [*] have processed dimple surface texturing of carbon steel by using the
photochemical machining method. With a prefabricated mask in the ECM, Chen et al. 3% and
Shen et al. b7 processed micro-dimple texturing successfully. While, before processing by using
these methods, micro-textures need to be made on the target area of the metal surface, which

increases the cost and time.

Figure 5.17 Photo of hand scraping. [38]
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In the paper of Ghaei et al. [*¥], a micro-dimple rolling apparatus shown in Figure 5.18 was
developed to generate dimples with square cross-sections on metallic surfaces. Since these
dimples are formed under the process of a mechanical machine, residual stress and deformation
exist in the processing area. Also, this method is difficult to be used in hard-to-machined
materials and thin-walled workpieces.

Besides the above-mentioned, laser surface texturing is another advanced method. It is widely
used because the laser method is extremely efficient and leads to a short processing time. In
addition, it is a kind of environmental processing method with excellent controllability of the
shape and size of dimples [!l. However, surface heating by the laser beam leads to the creation
of a heat-affected zone. In some cases, this disadvantage of laser processing is unacceptable,
especially for coated sliding elements. In most cases, after laser processing, burrs occur around

the dimple’s edge and additional operation is required to remove them (611,

5 Tool

./.‘

Workpiece

(a) Schematic of micro-dimple rolling apparatus.

Tool

Workpiece

(b) Schematic of micro-dimple processing.

Figure 5.18 Schematic of micro-dimple rolling apparatus and processing. [6!]
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ECM is a well-known non-conventional processing method, based on the principle of
electrochemical reactions in industrial processing. Takashima et al. [¢2] processed oil pockets by
using the suction tool during ECM, the schematic of ECM processing with the suction tool is
shown in Figure 5.19. Jung et al. [¢3] processed micro-dimple texturing with a micro-ECM
method and performed a friction test on the sliding surface. The result showed a sliding surface
with oil pockets has better properties in the overall frictional performance than that of a sliding
surface without oil pockets. Liu et al. %4 used the electrolyte jet machining (EJM) method to
process dimple texturing on the surface of Ti1023 titanium alloy, and dimples with small

diameter and large depth were generated.

Suction tool Power supply

Suction pump;

— W . O ©

Electrolytd workpiece ! LS

tank Processing surface electrolyte

Figure 5.19 Schematic of oil pockets processing with suction tool. [62]

While in conventional ECM, the workpiece is immersed in electrolytes to let the processing
area contact with flowing electrolytes. In this case, the fluidity of electrolytes causes the
distribution of electrolytes and machining currents to become unlimited. Hence, unintended
processed areas are easy to be corroded by the stray currents or rusted by electrolytes [0,
Because the sliding surface has been already processed by fine finishing, only shallow dimples
need to be generated in the target area during dimple texturing. If the fine finishing sliding

surface is corroded or rusted during ECM processing, the workpiece has to be reworked or even
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scrapped. Hence, when using the ECM method to process dimple texturing, it is important to
control the electrolyte distribution at the processing area only.

As mentioned in chapter 2, an MFS-ball was used as the electrolyte absorption material in
ECM processing. Because of the principle of MFS-ball’s electrolyte absorption, which includes
the capillary action of the porous structure and the surface tension of the liquid, the distribution
of electrolytes is limited only in the processing area of ECM. Since the workpiece is put above
the electrolyte instead of immersed in the electrolyte container, the workpiece surface other than
the processing area is not in contact with electrolytes. The stray-current corrosion and the rust
can be avoided effectively. To overcome those shortcomings mentioned above and realize a
stray-corrosion-free and rust-free dimple texturing with ECM, the ECM method with the
MFS-ball used as the electrolyte distribution material is adopted in this research.

In this section, based on the research results before, we tried to explore using the ECM
method with the MFS-ball to process shallow dimple texturing, which can be used as the oil

pockets, in the target part of the metal workpiece surface.

5.4.2 Experimental equipment and groove processing method

Experimental equipment of groove processing, its electrical circuit diagram, and the relay
module are shown in Figure 5.20. Based on experimental equipment of section 5.3, a relay

module is added to be used as the switch of the ECM process.

As shown in the electrical circuit diagram, there are four control signal cables of the CNC
machine, three of them are the X, Y, and Z signal cables used to control the movement of the
experimental equipment along the XYZ axes. The fourth signal cable, originally used to control
the spindle of the CNC machine, is used in this research to connect with the relay module to

control the turn on/off of the power supply. This signal cable is hereinafter abbreviated as R
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signal cable. Due to the power supply providing machining currents to keep electrochemical

reactions occurring, the CNC machine can also start/stop the ECM process.

. : .7 | iﬁn :
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generator o Current RSl SRS ‘ ! P . Fresh electrolyte
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£ | container and pump

Electrolyte tank and 4
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(a) Photo of experimental equipment of groove processing.
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(b) Electrical circuit diagram.
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(c) Photo of relay module.

Figure 5.20 Photo of experimental equipment of groove processing, electrical circuit diagram

and relay module.

The detailed experimental parameters are shown in Table 5.3. During ECM, the constant
current value of 40 mA and the number of reciprocating processing 8 times were used.

The schematic of oil pocket processing is shown in Figure 5.21. To promote processing
efficiency, target areas were processed repeatedly during the reciprocating movement between E
and F of the workpiece. For easy presenting and understanding, we take the workpiece as the
reference.

During the MFS-ball moving from E to F in Figure 5.21, at the start point of the red line’s left
side, the CNC machine starts sending the electrical signal to the relay to turn on the power
supply. So that electrochemical reactions start occurring from the left start point. At the right
side of the red line, the CNC machine stops sending the electrical signal, and the ECM is
stopped at the same time. This area is called as ON region. After that, though the MFS-ball
moves along the pre-set trace, there are no electrochemical reactions occur, and there is no

pocket processed. This area of the black line is called as OFF region.
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During the MFS-ball moving reversely, the process method is the same as above, but the

ECM starts from the right endpoint of the red line to the left endpoint of the red line.

Table 5.3 Common experimental conditions.

Item Specification
Absorption material MFS-ball
MFS-ball diameter 9.4 mm

+0.05 mm

Tolerance of MFS-ball diameter

-0 mm
Workpiece SUS304 plate
Electrode SUS304 bearing
Electrolyte 10 wt.% NacCl solution
Number of reciprocating pre-scanning 8
Constant current value 40 mA

Reciprocating movement direction
Start points

/ \

& .
E OFF ON o OFF A ON OFF

Processed grooves

=l

Figure 5.21 Schematic of processed oil pocket and moving trace.
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5.4.3 Groove processing result of ON 10 mm / OFF 10 mm

As shown in Figure 5.21, for easy expression, we define the red line area as “ON + length”
and the black line area as “OFF + length”.

With the moving speed of 10 mm/s, the number of reciprocating processing 8 times, and
experimental conditions in Table 5.3, shallow pockets that can be used as oil pockets were
processed by ECM. The photo of processed pockets and the cross-section are shown in Figure
5.22. The shape of the processed pocket looks like a capsule. From the measurement result of
Figure 5.22(b), we can find that the area where electrochemical reactions occur was dissolved to
about 4 um, and the depth of the cross-section’s center is shallower than the depth of the

cross-section’s edge.

Processed groove Measuring line

(a) Processed pockets.

R

Depth (pm)

0 1 2 3 4 5 6 7
Width (mm)

(b) Cross-section measurement result.

Figure 5.22 Processed pockets and cross-section measurement result of ON10 mm OFF10 mm.
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5.4.4 Pocket processing result of different pocket lengths

In this section, by controlling the ON/OFF region with the CNC machine, by using the
moving speed of 10 mm/s, the number of reciprocating processing 8 times, and experimental
conditions in Table 5.3, we processed pockets with different lengths of the ON/OFF region. As

shown in Figure 5.23(a), the lengths of ON /OFF regions are 5 mm, 10 mm, and 15 mm.

Off On Off On Off On
Smm Smm  10mm 10mm 15mm 15mm
[ B O 3 -

Measuring line

(a) Processed pockets.

Depth (um)

0 1 2 3 4 5 6 7
Width (mm)

(b) Cross-section measurement results.
Figure 5.23 Processed pockets and cross-section measurement results of different pocket

lengths.
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From the measurement result of the cross-section in Figure 5.23(b), it is found that these
pockets have a similar cross-section shape. Hence, by using this processing method, the
processed pocket’s length can be controlled, and dimple pockets with different lengths and

depths in one moving trace can be achieved easily.

5.4.5 Pockekts processing result of different moving speed

In the experiments above, the same moving speed of 10 mm/s was used. When the length of
the ON region is equal to each other, by using the different moving speeds, the processing time
of each processed trace is different.

In this section, the ON 10 mm processing length and the constant current value of 40 mA
were used, and the other experimental conditions are listed in Table 5.3. The processed traces
and moving speeds of them are shown in Figure 5.24. The measurement result of the
cross-section and the 3D measurement result are shown in Figure 5.25. From the measurement
results, it can be found that the depth of processed traces increases as the moving speed
decreases because the processing time of different processed traces increases at the same time.
In addition, the depth of the center of the green cross-section is deeper than the red cross-section

and the blue cross-section. The reason for this result will be considered in section 5.4.6.

Moving speed

. 3mm/s 6mm/s 9mm/s
of workpiece:

Measuring line

Figure 5.24 Processed pockets using different moving speeds.
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(b) 3D measurement result.
Figure 5.25 Cross-section measurement results and 3D measurement result using different

moving speeds.
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5.4.6 Discussion of pocket processing

After that, by using the moving speed of 9 mm/s, a pocket was processed. The maximum
depth of the pocket processed in 9 mm/s is equal to that of the pocket processed in 3 mm/s, as
shown in Figure 5.26. The other experimental conditions are shown in Table 5.3.

From the comparison of Figure 5.27(c), we can find that the depth of the center area of the
pocket processed at 9mm/s is smaller than the groove processed at 3mm/s.

The reason is thought that, when using the slower moving speed of 3 mmy/s, first of all, the
proving speed of electrolytes to the processing area becomes slower than that of the moving
speed of 9mm/s. As the ECM goes on, the electrolyte distributed around the contact point of the
workpiece and the MFS-ball is used up, while the fresh electrolyte cannot be provided
immediately, the ECM processing speed and the amount of the corroded materials on the
workpiece surface decrease. At the same time, at the edge area of the processing area, though no
fresh electrolytes are being provided too, due to there being much more electrolytes existing, the

ECM processing speed is not affected obviously, lots of materials can be processed away still.

r -7.05 [um]
9.81
-12.57
Moving speed 1533

of workpiece; Imm/s 18.09

-20.85
-23.61

-26.37

Measuring line 2013

(a) Photo. (b) 3D measurement result.
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(c) Cross-section measurement results.
Figure 5.27 Photo, 3D measurement result, and cross-section measurement results of processed

are using moving speed of 9 mm/s.

For the ECM result when using the moving speed of 9 mm/s, no matter the area around the
contact point or the edge area of the processing area, fresh electrolytes can be provided fast, and
the processing speed of ECM at the whole processing area will not be limited. Finally, when the
maximum depth of the green cross-section and the orange cross-section are equal to each other,

the depth of the center area of the orange cross-section is deeper than that of the green

cross-section.
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5.5 Conclusions

In this chapter, three applications of this ECM method were explored through actual

experiments.

First, the wide grooves with different cross-section shapes were processed by changing the
interval between every two single grooves. And through the comparison result of the
cross-section profile between the processed wide grooves and the calculation results, it is found
that though they have similar cross-section shapes when the interval is the same condition, the
contours are not overlapped with each other well due to there are size differences existing of the

MFS-ball.

To achieve metal marking, a new tool, called the universal moving unit, was designed and
machined to replace the previously used electrode where there is a V-shaped cross-section track.
When using the universal moving unit, the MFS-ball only rolls inside of the cavity area
surrounded by bearings instead of moving along the workpiece. Finally, by controlling the
moving trace of the workpiece, which is controlled by the CNC system, the corresponding
pattern of dimple English alphabets were processed by the MFS-ball through ECM on the
workpiece surface.

When being used in oil pockets processing, to process shallow pockets by using the ECM
method of this research, the experimental equipment combined with a relay module used as the
switch of the power supply was used. By controlling the turn on/off, the moving speed of the
workpiece, and the length of the processed area, shallow pockets with different depths, and

different lengths were obtained.
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Chapter 6 Shortcomings, future issues and conclusions
6.1 Shortcomings and future issues

In this study, a kind of porous solid ball, the MFS-ball was used as the electrolyte absorption
material in ECM processing to limit the electrolyte distribution and avoid the stray-current
corrosion beside the target processing area. And the processing mechanism, processing features,
applications in the future were reported in detail.

However, due to the limitation of experimental materials and devices, the other research
content, which cannot be ignored, is not involved and explored until now. It is that the
stray-current corrosion leading to the processing accuracy of the ECM method is difficult to be
improved.

Hence, because of the excellent limitation for the electrolyte distribution of the ECM method
with the MFS-ball, future research on how to improve the processing accuracy is essential and
necessary to be involved.

Besides that, it is worth trying not only the porous solid like the MFS-ball but also the other
materials with the porous structures inside being used in the ECM process. And these attempts
can both gradually improve the ECM method of this research, and the applications can also be

expanded to meet much more demands.
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6.2 Conclusions

In this paper, first of all, the principle, background, and processing method of ECM were
introduced. And the research purpose of this study is proposed.

Then, through the comparison of using the water absorption materials of diatomaceous earth
chip and the MFS-ball, the MFS-ball is selected for the following research. And the MFS-ball
and its electrolyte-absorbed principle of capillary action in detail, thanks to the MFS-ball’s
porous structures consisting of abundant micro holes, the electrolyte is absorbed into the
MFS-ball and forms an electrolyte film on the MFS-ball surface driven by a physical
phenomenon of capillary action. During ECM, the MFS-ball can take the electrolyte to the
ECM processing area, and due to the limitation of the MFS-ball, electrolytes cannot flow at the

workpiece surface, which eliminates the effects of the stray-current corrosion.

Besides that, from the experimental results, it is verified that the stray-current corrosion can
be eliminated due to the distribution of the electrolyte being limited by the MFS-ball, and only
the area where there exist electrolytes was dissolved to become a shallow groove. And the depth
of the groove’s edge area is deeper than that of the groove’s center area. In addition, it is
understood that during ECM of this research, machining currents flow through both the inside
electrolyte and the electrolyte film of the MFS-ball, and the value of the machining current
flowing through the electrolyte film is greater than that of flowing through the MFS-ball’s
inside electrolyte.

After that, according to the actual experiment, we have 2D modeled for the processing area.
And by using the software of COMSOL Multiphysics, the potential between the workpiece and
the electrode, the current density distribution at the processing area, and the cross-section profile
of the processed area were simulated. By comparison between the simulation results and the

actual experiment results, the simulation results are confirmed.
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During experiments before, it is found that the processing results are influenced by lots of
experimental parameters. Hence by changing the experimental parameters which include the
pressure between the workpiece and the MFS-ball, the flow rate of the electrolyte, the
pre-scanning, the machining current, the machining times, the moving speed of the workpiece,
and the size difference of the MFS-ball, reasons and effects of those parameters are cleared and

summarized.

Aiming at expanding the application, the ECM method of this study was used in wide groove
processing, metal marking processing, and oil pockets processing respectively. And it is

confirmed that this ECM method is suitable for those applications.

Conclusions for every chapter of this study are shown as follows:
Chapter 1
In this chapter, the principle, background, and processing method of ECM were introduced

first.

Chapter 2

In this chapter, first of all, by using two kinds of water absorption materials, the
diatomaceous earth chip, and the MFS-ball, ECM experiments were carried out tentatively.
According to experiment results, it is found that though the diatomaceous earth chip has
superior electrolyte absorption, due to its poor water resistance and soft texture, the
diatomaceous earth chip is easily dispersed in electrolytes and broken during ECM. Compared
with the diatomaceous earth chip, when it is used in experiments, the MFS-ball has good water
resistance and absorption, and the strength of the MFS-ball is good enough to be used for a long
time. In ECM processing, the distribution of the electrolyte is controlled well too. Hence, the

MFS-ball is selected as the electrolyte absorption material in ECM for the following research.
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After that, we introduced the MFS-ball and its electrolyte-absorbed principle of capillary
action in detail. Thanks to the MFS-ball’s porous structures consisting of abundant micro holes,
the electrolyte is absorbed into the MFS-ball and forms an electrolyte film on the MFS-ball
surface driven by a physical phenomenon of capillary action. During ECM, the MFS-ball can
take the electrolyte to the ECM processing area, and due to the limitation of the MFS-ball,
electrolytes cannot flow at the workpiece surface, which eliminates the effects of the

stray-current corrosion.

Before processing with the MFS-ball, several main devices the experimental equipment and
the electrode were introduced. Then, experimental procedures of using the experimental

equipment in ECM were listed.

And through the photo of ECM and the processing schematic, we summarized that, due to
capillary action, the MFS-ball can absorb electrolytes to its inside and form an electrolyte film
on its surface. As rolls of the MFS-ball in ECM, the MFS-ball provides fresh electrolytes to the
processing area and takes away ECM by-products continuously. At the processing area, limited
by the MFS-ball, the electrolyte distributes to a small area around the contact point between the
workpiece and the MFS-ball.

Besides that, from the experimental results, it is verified that the stray-current corrosion can
be eliminated due to the distribution of the electrolyte being limited by the MFS-ball, and only
the area where there are electrolytes existing was dissolved to become a shallow groove. And
the depth of the groove’s edge area is deeper than that of the groove’s center area.

It is understood that during ECM of this research, machining currents flow through both the
inside electrolyte and the electrolyte film of the MFS-ball, and the value of the machining
current flowing through the electrolyte film is greater than that of flowing through the

MFS-ball’s inside electrolyte.
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Chapter 3

In this chapter, according to the actual experiment, we have 2D modeled for the processing
area. And by using the software of COMSOL Multiphysics, the potential between the workpiece
and the electrode, the current density distribution at the processing area, and the cross-section

profile of the processed area were simulated.

Through the simulation, the discussion and the verification of this chapter, and combined
with the groove processing result of chapter 2 and the simulation results of section 3.4,
conclusions about the reasons for the occurrence of the depth difference of cross-sections can be
summarized as follows:

(1) Due to the limitation of the electrolyte distribution by the MFS-ball, the amount of the
electrolyte at the edge area of the electrolyte distribution is more than that in the center area of
the electrolyte distribution, and the value of the machining current flowing through the
electrolyte film is greater than that of flowing through the inside electrolyte of the MFS-ball
Differences in the electrolyte distribution and the value of the machining current lead to the
depth difference occurring in the processed area.

(2) During ECM processing, the machining current density distribution at the edge area of the
electrolyte distribution is greater than that of the center area, and the greater the machining
current density, the more materials are corroded from the workpiece surface. Finally, the
processed depth of the edge area is deeper than the center area.

(3) Since the groove processing can be regarded as the process in which countless point
processing is carried out and overlapped with a tiny interval, and the simulation results of
section 3.4 are suitable for the point processing, the simulation results of chapter 4 also can be

used to explain the experimental results of groove processing.
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Chapter 4
This chapter summarized the influences of several main experimental parameters in this ECM

method.

Although the pressure between the workpiece and the MFS-ball does not affect the
processing results during ECM processing, to ensure that the workpiece and the MFS-ball
contact with each other for the whole process and make the ECM process being carried out
stably, the pressure value is selected as 15 N.

Due to the flowing electrolyte not working directly on the processing area of the workpiece
surface, it is used to take away ECM by-products of the MFS-ball surface and the V-shaped
cross-section track. Hence, a suitable electrolyte flow rate of 3 ml/s was selected for the

following experiments.

According to experiments of this method, a necessary operation called Pre-scanning was
summarized. The pre-scanning operation can accumulate electrolytes at the processing area in
advance, and ensure the smooth progress of ECM. In addition, we found that when the
pre-scanning time is less than 250 s, the width of the electrolyte distribution at the processing
area increases as the time of the pre-scanning increases when the pre-scanning time is more than

250 s, the width of the electrolyte distribution will not be affected by the pre-scanning.

During the ECM processing of this method, the machining current value influences the
processed groove directly. When using the same experimental parameters, the depth and the
width of the processed groove increase as the machining current value increase. While, when
the value of the machining current is larger than 50 mA, because the electrolyte supplied by the

MFS-ball is not enough to be used in processing, the ECM cannot be carried out.
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When using the same experimental parameters, except for the machining time, the depth and

the width of the processed groove increase as the machining time.

Besides that, it is found that the depth of the processed groove increases and the width of the
processed groove decreases as the moving speed of the workpiece increases. It is considered
that a faster moving speed of the workpiece promotes the rotation and the movement of the
MFS-ball, hence the refresh rate of the electrolyte at the processing increases. This is helpful for

ECM processing.

Finally, it is found that size differences are exiting of MFS-balls’ diameters, and it is turn
out be that the size differences of processed grooves are caused by the size differences of
MFS-balls, and the larger the MFS-ball’s size difference, the greater the size difference in the
processed groove. After being eliminated by the hemispherical grinding tool, size differences of

the MFS-ball’s diameter and the processed groove’s width were decreased obviously.

Chapter 5

In this chapter, three applications of this ECM method were explored through actual
experiments.

First, the wide grooves with different cross-section shapes were processed by changing the
interval between every two single grooves. And through the comparison result of the
cross-section profile between the processed multiple grooves and the calculation results, it is
found that though they have similar cross-section shapes when the interval is the same condition,
the contours are not overlapped with each other well due to there are size differences existing of
the MFS-ball.

To achieve metal marking, a new tool, called the universal moving unit, was designed and
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machined to replace the previously used electrode where there is a V-shaped cross-section track,
and the processing method is the same as that of being reported in chapter 2. When using the
universal moving unit, the MFS-ball only rolls inside of the cavity area surrounded by bearings
instead of moving along the workpiece. Finally, by controlling the moving trace of the
workpiece, which is controlled by the CNC system, the corresponding pattern of dimple English
alphabets was processed by the MFS-ball through ECM on the workpiece surface.

When being used in oil pockets processing, to process shallow grooves by using the ECM
method of this research, the experimental equipment combined with a relay module used as the
switch of the power supply was used. By controlling the turn on/off, the moving speed of the
workpiece, and the length of the processed area, shallow grooves with different depths, and

different lengths were obtained.
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